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FORE WORD 
This  r e p o r t  summarizes t h e  work accomplished under Cont rac t  NAS 8-21052, 
'IAdvanced I n j e c t o r  Concepts I n v e s t i g a t i o n . "  The program t e c h n i c a l  e f f o r t  
extended over  a 18-month pe r iod  and was completed on 31 December 1970, 
The work was conducted under t h e  cognizance of t h e  Engine Components 
Department, Aero je t  L iquid  Rocket Company, Sacramento, C a l i f o r n i a .  Key 
Aero je t  program personnel  inc luded  D r .  N. E. Van Huff,  program manager; 
M r .  J. F. Addoms, p r o j e c t  manager; M r .  R. L e  Boyce, p r o j e c t  eng inee r ;  and 
D r .  R. J. LaBotz, t e c h n i c a l  s p e c i a l i s t .  Overa l l  program d i r e c t i o n  w a s  pro- 
v ided  by t h e  NASA t e c h n i c a l  manager, M r .  R e  J. Richmond. 
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I ,  INTRODUC T I  ON 
The purpose of t h i s  program w a s  t o  c o n t i n u e  
i n j e c t o r  concept  t h a t  i s  a p p l i c a b l e  t o  an advanced 
i s  Phase I11 of  C o n t r a c t  NAS 8-21052, i n i t i a t e d  by 
e x p l o r a t i o n  of a t h r o t t l i n g  
c ryogenic  engine.  This  program 
Marshall  Space F l i g h t  Center .  
Phase I of t h e  program inc luded  e v a l u a t i o n  of i n j e c t o r s  s u i t a b l e  f o r  s t a g e d  
combustion systems i n c o r p o r a t i n g  primary and secondary i n j e c t o r s  as wel l  a s  an 
annular-shaped combustor i n  which hydrogen i s  prehea ted  i n  a r e g e n e r a t i v e l y  cooled  
j a c k e t ,  These engine systems had i n  com.on t h e  requirement f o r  s u c c e s s f u l  opera- 
t i o n  while  t h r o t t l i n g  over  a wide t h r u s t  range, The concept  u t i l i z e d  i n  each of 
t h e  i n j e c t o r  des igns  i s  des igna ted  HIPERTHIN+:. The f o u r  s u b s c a l e  HIPERTHIN 
i n j e c t o r  systems i n v e s t i g a t e d  dur ing  Phase I were: (1 )  an annular  h e a t  exchanger/  
i n j e c t o r  combustor segment designed f o r  l i q u i d  oxygen and gaseous hydrogen--this 
i n j e c t o r  segment s i m u l a t e s  t h e  c o n d i t i o n s  a n t i c i p a t e d  i n  a hydrogen r e g e n e r a t i v e l y  
cooled  a n n u l a r  combustor; ( 2 )  a primary combustor i n j e c t o r  which produces hydrogen- 
r i c h  h o t  gas  r e q u i r e d  i n  a staged-combustion system; ( 3 )  a secondary combustor 
i n j e c t o r  which o p e r a t e s  w i t h  l i q u i d  oxygen and h o t  hydrogen-rich primary combustor 
g a s ;  and ( 4 )  a n  a l t e r n a t i v e  secondary combustor i n j e c t o r  des ign  f o r  use  i n  s taged-  
combustion c y c l e s  t h a t  employ b o t h  f u e l -  and o x i d i z e r - r i c h  primary combustors. 
Phase I was r e p o r t e d  i n  Report  21052-1F9 d a t e d  31 J u l y  1968. 
During Phase 11, t h e  a r e a s  of performance, i n j e c t o r  AP/Pc behavior ,  f a c e  
c o o l i n g ,  t h r o t t l i n g  range,  and combustion s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  H I P E R T H I N  
a n n u l a r  h e a t  e x c h a n g e r l i n j e c t o r  combustor segment w e r e  examined i n  more d e t a i l .  
A d d i t i o n a l l y ,  c e r t a i n  f a b r i c a t i o n  problems m e t  dur ing  Phase I were reso lved .  
annular  h e a t  e x c h a n g e r l i n j e c t o r  segment development w a s  cont inued ,  a s  t h i s  i n j e c t o r  
appeared t o  be t h e  b e s t  f o r  use i n  c o n j u n c t i o n  w i t h  a n  advanced cryogenic  rocke t  
engine.  
t h e  c o n d i t i o n s  a n t i c i p a t e d  i n  a hydrogen r e g e n e r a t i v e l y  cooled  a n n u l a r  combustor. 
Phase I1 was r e p o r t e d  i n  Report  2f052-2F9 d a t e d  January 1970. 
The 
This  segment was designed f o r  l i q u i d  oxygen and gaseous hydrogen, s i m u l a t i n g  
+:A concept  developed and owned by Aero je t -Genera l  Corpora t ion  on which AGC holds  
P a t e n t  No, 3,413,704 and o t h e r  p a t e n t s  pending. 
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11, SUMMARY 
Phase I11 of Con t rac t  NAS 8-21052 was i n i t i a t e d  1 J u l y  1969 and w a s  
d iv ided  i n t o  two t a s k s :  
Task I was an a n a l y t i c a l  i n v e s t i g a t i o n  of t h e  f e a s i b i l i t y  of tapping  t u r b i n e  
Th i s  d r i v e  g a s e s  from t h e  chamber and pass ing  them through t h e  HIPERTHIN i n j e c t o r .  
e f f o r t  c o n s i s t e d  of a n a l y s i s  and p re l imina ry  des ign  on ly ;  no hardware w a s  f a b r i -  
c a t e d  f o r  exper imenta t ion .  
I n  o p e r a t i o n ,  gases  tapped from t h e  combustion chamber are passed  back 
through t h e  i n j e c t o r  coun te r  t o  t h e  f l o w  of incoming p r o p e l l a n t s .  
was t o  de te rmine  i f - -by  proper  s i z i n g  of  t h e  h o t  gas  channels  and t h e  p r o p e l l a n t  
i n j e c t i o n  channels--an optimum h e a t  t r a n s f e r  a r e a  cou ld  be provided t o  enable  t h e  
h o t  gases  t o  y i e l d  s u f f i c i e n t  energy t o  g a s i f y  t h e  incoming p r o p e l l a n t s ,  and y e t  
r e t a i n  s u f f i c i e n t  energy t o  d r i v e  t h e  turbopump a f t e r  l e a v i n g  t h e  i n j e c t o r / h e a t  
exchanger e 
The problem 
I t  w a s  concluded t h a t  t h e  h o t  g a s  t apof f  c y c l e  i n j e c t o r  concept i s  f e a s i b l e  
and can o p e r a t e  s u c c e s s f u l l y  over  t h e  f u l l  t h r o t t l i n g  range s p e c i f i e d  (33:1), 
u s ing  n i c k e l  as t h e  i n j e c t o r  m a t e r i a l .  C e r t a i n  p r a c t i c a l  c o n s i d e r a t i o n s  such as 
t h e  ex t remely  s h o r t  l e n g t h  of t h e  i n j e c t o r  (0.3 i n . )  may tend  t o  d iminish  t h e  
d e s i r a b i l i t y  of employing t h i s  concept.  Copper was a l s o  b r i e f l y  cons ide red  f o r  
t h e  t apof f  i n j e c t o r  material  and, from an  a n a l y t i c a l  s t a n d p o i n t ,  i s  s u p e r i o r  t o  
n i c k e l  f o r  t h i s  a p p l i c a t i o n ,  
Task I1 w a s  devoted t o  f u r t h e r  e x p l o r a t i o n  of t h e  annu la r  segment i n j e c t o r ,  
F igu re  1, p r i m a r i l y  t o  g a i n  a d d i t i o n a l  d a t a  r ega rd ing  combustion s t a b i l i t y ,  
i n j e c t o r  f a c e  coo l ing ,  and s t e a d y - s t a t e  performance a t  chamber p r e s s u r e s  up t o  
2500 p s i a ,  The l o n g e r  f i r i n g  d u r a t i o n s  r e q u i r e d  t o  ensu re  s t e a d y - s t a t e  d a t a  and 
t h e  h i g h e r  chamber p r e s s u r e s  r e q u i r e d  t h e  u s e  of n i c k e l  i n j e c t o r  p l a t e l e t  m a t e r i a l  
f o r  improved i n j e c t o r  f a c e  c o o l i n g  and water  c o o l i n g  of t h e  chamber. 
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11, Summary ( c o n t . )  
The o b j e c t i v e s  of t h e  a n n u l a r  segment i n j e c t o r  work f o r  Phase I11 were t o  
demonstrate  t h a t  t h e  HIPERTHIN i s  adequate  f o r  mechanical s t r e n g t h  o p e r a t i o n  a t  
high chamber p r e s s u r e s ?  t o  determine t h e  maximum p r e s s u r e  (up t o  2500 p s i a )  a t  
which t h e  t h r u s t e r  could  b e  o p e r a t e d  wi thout  burning t h e  i n j e c t o r  face,  and t o  
demonstrate  t h a t  t h e  d e s i r e d  t h r o t t l i n g  range could  b e  r e a l i z e d  a t  s h o r t  L '  w i t h  
h igh  performance. 
Most of t h e s e  o b j e c t i v e s  were m e t ,  The mechanical s t r e n g t h  o f  HIPERTHIN 
was demonstrated by t e n  tes ts  of one i n j e c t o r  a t  chamber p r e s s u r e s  vary ing  from 
100 t o  1300 p s i a .  
c y c l e s  and i s  s t i l l  s t r u c t u r a l l y  sound. No f a c e  burning was e v i d e n t  up t o  t h e  
h i g h e s t  chamber p r e s s u r e  level t e s t e d  (1300 p s i a )  and combustion was s t a b l e ,  
Performance ranged from an energy r e l e a s e  e f f i c i e n c y  of 98% a t  t h e  100 p s i a  Pc 
level  t o  94% a t  t h e  h i g h e r  chamber pressure .  
The same i n j e c t o r  was a l s o  s u b j e c t e d  t o  numerous c o l d  f l o w  
The chamber used f o r  t e s t  f i r i n g s  w a s  a copper - l ined  water-cooled t h r u s t  
chamber wi th  a two-dimensional r e c t a n g u l a r  converging s e c t i o n  and t h r o a t .  The 
b a s i c  chamber l e n g t h  w a s  2.5 i n .  (7 .3  i n .  L;?), b u t  a t tachments  f o r  nozz les  w e r e  
provided so t h a t  nozz le  e x t e n s i o n s  could  be  added f o r  o p e r a t i o n ,  
i s  shown i n  F i g u r e s  2 and 3. 
The t e s t  hardware 
Use of  t h e  Nickel  200 p l a t e l e t  m a t e r i a l ,  r e q u i r e d  because of f a c e  o v e r h e a t i n g  
experienced w i t h  t h e  s t a i n l e s s  s teel  i n j e c t o r s  of  Phase 11, presented  some f a b r i c a -  
t i o n  problems. Many of t h e  p l a t e l e t s  w e r e  inadequate ly  p l a t e d  wi th  t h e  e l e c t r o l e s s  
n i c k e l  b r a z e  m a t e r i a l ,  A s  a r e s u l t ,  b o t h  p l a t e l e t  s t a c k s  leaked  a t  t h e  edges,  b u t  
b o t h  w e r e  s u c c e s s f u l l y  r e p a i r e d  and one i n j e c t o r  w a s  l a t e r  t e s t e d  a t  1300 p s i a  
w i t h  no leakage  problems. 
t h i s  problem, 
one was r e q u i r e d  t o  conduct  t h e  t es t  series.  
A procedure has  been devised  t o  prec lude  r e c u r r e n c e  of 




A. TAPOFF CYCLE 
1. The b a s i c  tapoff  c y c l e  i s  a n a l y t i c a l l y  s i z e a b l e  up t o  chamber 
p r e s s u r e s  of 2500 p s i a  w i t h  n i c k e l  p l a t e l e t  i n j e c t o r s ,  
2. Above 2500 p s i a ,  t h e  pe rmis s ib l e  t o l e r a n c e s  on o p e r a t i n g  cond i t ions  
are  too small f o r  a p r a c t i c a l  t apo f f  c y c l e  w i t h  n i c k e l  i n j e c t o r s .  
3. Copper should b e  cons idered  as a s u b s t i t u t e  f o r  n i c k e l  i n  t h e  
tapoff  system a t  p r e s s u r e s  of 2500 p s i a  and above. 
B o  ANNULAR INJECTOR DESIGN 
1. The i n t e g r a l  h e a t  exchange r / in j ec to r  des ign  concept  f o r  extended 
t h r o t t l i n g  w a s  demonstrated t o  be  f e a s i b l e  over  a t h r o t t l i n g  range  of 1 3 : l  (chamber 
p r e s s u r e s  of 100 t o  1300 p s i a ) ,  
2. The des ign  mod i f i ca t ions  t o  t h e  h e a t  exchanger s e c t i o n  w e r e  
e f f e c t i v e  i n  vapor i z ing  t h e  oxygen and provid ing  uniform, nonpuls ing i n j e c t i o n .  
3 .  The b a s i c  a n a l y t i c a l  t o o l s  employed i n  i n j e c t o r  h y d r a u l i c  d e s i g n  
are s u i t a b l e  f o r  convent iona l  p l a t e l e t  passages .  Some mod i f i ca t ion  t o  t h e  model is  
r e q u i r e d  t o  account  f o r  t h e  h y d r a u l i c  a f f e c t  of t h e  t u r b u l a t o r s  added t o  t h e  LO 
h e a t  exchanger s e c t i o n .  
2 
4 .  The i n j e c t o r  is  s t r u c t u r a l l y  adequate  a t  chamber p r e s s u r e s  of 
a t  least  1300 p s i a  and d i f f e r e n t i a l  manifold p r e s s u r e s  of a t  least  1600 p s i .  
5. The n i c k e l  p l a t e l e t  material was  e f f e c t i v e  i n  extending t h e  f a c e  
coo l ing  c a p a c i t y  t o  a t  least  1300 p s i a  chamber p re s su re .  
6 .  The 2.50-in. chamber l e n g t h  may be  too  s h o r t  f o r  maximum e f f i c i e n c y ,  
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111, Conclusions ( con t . )  
C FABRICATION 
1. F u l l - s c a l e  i n j e c t o r s  can b e  f a b r i c a t e d  from Nickel  200 p l a t e l e t s  
as r e a d i l y  as from s t a i n l e s s  s teel  p l a t e l e t s .  
2 .  The technique  of copper f l a s h i n g  t h e  n i c k e l  p l a t e l e t s  p r i o r  t o  
d e p o s i t i n g  t h e  e l e c t r o l e s s  n i c k e l  b raze  a l l o y  is  an  e f f e c t i v e  q u a l i t y  c o n t r o l  tech-  
n ique  f o r  a s s u r i n g  complete b raze  a l l o y  coverage.  
D. OPERATING CHARACTERISTICS 
1. A 2.50-in. L '  chamber is  adequate  f o r  HIPERTHIN i n j e c t o r s  t o  provide  
combustion e f f i c i e n c y  i n  excess of 97% a t  chamber p r e s s u r e s  i n  t h e  100 t o  500 p s i a  
range us ing  0 / H  p r o p e l l a n t s  a t  O/F of between 5.73 and 6.45. 2 2  
2. The combustion e f f i c i e n c y  measured w a s  lower a t  h ighe r  chamber 
p r e s s u r e s  and/or  h igher  mix tu re  r a t i o s .  
3 .  The observed r e d u c t i o n  i n  ERE wi th  i n c r e a s i n g  P and dec reas ing  
C 
O/F i s  due mainly t o  i n c r e a s i n g  P . 
C 
4 .  The s h o r t  2,50-in.  l e n g t h  chamber may denote  performance charac-  
t e r i s t i c s  such as r e a c t i o n  i s o l a t i o n  zones,  which tend t o  i n h i b i t  mixing, t h a t  would 
normally n o t  be seen i n  longer  l e n g t h  chambers. 
5,  Resu l t s  cast  doubt t h a t  a combustion system can be made t o  t h r o t t l e  
over  a wide r ange  wh i l e  main ta in ing  a c o n s t a n t ,  h igh  ERE, 
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IV B RECOMMENDATIONS 
1. Determine quantitatively the efficiency and heat transfer capabilities 
of the injector heat exchanger section. 
2. Determine the minimum injector AP and/or AP/Pc required for stable 
operation. 
3. Expand the platelet technology to include copper platelets for appli- 
cation to the tapoff cycle. 
4. Modify the heat exchanger computer model t o  improve hydraulic predictions. 
5. Determine the parameters causing the observed combustion efficiency 
reduction at higher chamber pressures. 
6. Determine the interrelationship between operating mixture ratio and 
operating chamber pressure on combustion efficiency. 
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V, TAPOFF CYCLE ANALYSIS 
A .  INTRODUCTION 
T h i s  s e c t i o n  documents a s t u d y  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of  
employing a p l a t e l e t  i n j e c t o r  t h a t  w i l l  s imul taneous ly  provide  t h e  f u n c t i o n s  of 
h e a t  exchanger and p r o p e l l a n t  i n j e c t o r .  Under t h i s  concept ,  cryogenic  hydrogen 
and oxygen are  g a s i f i e d  by h o t  combustion gas ,  which i s  “tapped-off1’ from t h e  com- 
b u s t i o n  chamber and d i r e c t e d  i n  a counter f low manner through t h e  i n j e c t o r  and 
subsequent ly  used t o  d r i v e  t h e  t u r b i n e s  i n  t h e  p r o p e l l a n t  f e e d  system. 
The t a p o f f  c y c l e  concept  i s  shown s c h e m a t i c a l l y  i n  i t s  s i m p l e s t  form 
i n  F igure  4. Hot g a s  i s  b l e d  from t h e  combustion chamber through a h e a t  exchanger,  
where i t  g i v e s  up h e a t ,  v a p o r i z i n g  t h e  incoming p r o p e l l a n t s .  From t h e  h e a t  
exchanger, t h e  b l e e d  gas  e n t e r s  t h e  engine t u r b i n e s  which d r i v e  t h e  pumps. 
Vaporizing t h e  incoming p r o p e l l a n t s  g i v e s  t h e  i n j e c t o r  a gaseous f l o w  c h a r a c t e r i s -  
t i c  f o r  t h r o t t l i n g  purposes  and may a l s o  h e l p  i n  o b t a i n i n g  h i g h  combustion 
e f f i c i e n c i e s  i n  s h o r t  l e n g t h s .  The q u a n t i t y  of b l e e d  gas  r e q u i r e d  i s  determined 
by an o v e r a l l  engine system balance,  as t h e  b l e e d  g a s  f l o w  must c o n t a i n  s u f f i c i e n t  
energy t o  completely v a p o r i z e  t h e  incoming p r o p e l l a n t s  and d r i v e  t h e  engine 
turbomachinery. 
The t a p o f f  c y c l e  i s  p a r t i c u l a r l y  w e l l  adapted t o  t h e  p l a t e l e t  i n j e c t o r  
concept ,  s i n c e  t h e  h e a t  exchanger can be  b u i l t  d i r e c t l y  i n t o  t h e  i n j e c t o r  body. 
T h i s  f e a t u r e  permi ts  c o n s t r u c t i o n  of a v e r y  compact system, e l i m i n a t i n g  t h e  
n e c e s s i t y  of  c o n s t r u c t i n g  a d d i t i o n a l  c o o l e d  d u c t s  f o r  b r i n g i n g  t h e  b leed  g a s  from 
t h e  chamber t o  t h e  h e a t  exchanger. However, i t  must be  recognized t h a t  even w i t h  
t h e  p l a t e l e t  i n j e c t o r  i n t r o d u c t i o n  of combustion chamber g a s e s  d i r e c t l y  i n t o  t h e  
i n j e c t o r  poses  a very  d i f f i c u l t  i n j e c t o r  f a c e  c o o l i n g  problem. 
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V, Tapoff Cycle Analysis (cont.) 
B, DISCUSSION 
The initial step in the analysis was the establishment of operating 
conditions and limits. 
contract are: 
The thrust chamber operating conditions established in the 
Chamber pressure, psia 2500 maximum 
Propellants 021H2 
,Mixture ratio 5 to 6 
Propellant temperature, OR 36 to 200 
Throttling range 33: 1 
The turbopump operating conditions and limits were selected to cover a 
range representative of advanced oxygenlhydrogen engines. The parameters selected 
were: 
Max -Mi n -
Gas inlet to turbine 16000R 24000R 
Turbopump efficiency 5 0% 7 0% 
Pump outlet pressure 1.5 Pc 
Pump flow rate 1.05 k thrust chamber t 
The injector/heat exchanger design limitations were chosen on the basis 
of previous HIPERTHIN injector experience. 
a maximum unsupported span of 0.100 in., and a minimum land thickness of 0.015 in. 
were chosen as limits. Nickel was assumed as the injector material for the bulk of 
the analysis because this is the material being used in Task 2 and because Aerojet 
had previously demonstrated a capability for fabricating HIPERTHIN injectors from 
nickel. A single computer run was performed assuming the injector was fabricated 
from copper for comparative purposes. 
A minimum separator thickness of 0.010 in, 
The second step in the analysis was establishment of a mathematical model 
to describe the thermal behavior of the integral heat exchanger/injector, 
devised is basically an electrical analog representation of the platelets. 
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V, B, Discuss ion  ( con t . )  
computer. Seve ra l  subprograms w e r e  coupled  w i t h  t h e  main program t o  provide  v a l u e s  
f o r  parameters  such as  p r e s s u r e  drops ,  boundary c o n d i t i o n s ,  turbopump requirements ,  
and thermodynamic and phys ica l  p r o p e r t i e s  of t h e  f l u i d s  and s t r u c t u r e  as a f u n c t i o n  
of temperature  and p res su re .  
The r e s u l t s  of t h e  a n a l y s i s  i n d i c a t e  t h a t  f u l l  t h r u s t  o p e r a t i o n  imposes 
t h e  most s e v e r e  c o n d i t i o n s  on t h e  hardware. A t  f u l l  t h r u s t ,  when n i c k e l  i s  used as 
t h e  i n j e c t o r  ma te r i a l ,  o p e r a t i o n  of t h e  t apof f  c y c l e  system appears  margina l .  The 
l i m i t i n g  parameters  are  i n j e c t o r  f a c e  tempera ture  and gas tempera ture  d e l i v e r e d  t o  t h e  
tu rb ine .  No d i f f i c u l t i e s  a re  a n a l y t i c a l l y  apparent  i n  vapor i z ing  t h e  p r o p e l l a n t s  o r  i n  
o p e r a t i o n  a t  t h r o t t l e d  cond i t ions .  The problem area i s  i n  t h e  percentage  of gas  
tapped from t h e  t h r u s t  chamber. Anything i n  excess  of about  6% r e s u l t s  i n  excess ive  
i n j e c t o r  f a c e  tempera ture ,  and anyth ing  l e s s  than  6% i s  i n s u f f i c i e n t  t o  supply t h e  
r e q u i r e d  t u r b i n e  en tha lpy .  Th i s  r e s u l t s  i n  an  extremely narrow a l lowable  t apof f  
range and a l lows  no margin f o r  system nonuniformity.  Seve ra l  a c t i o n s  are  p o s s i b l e  
t o  improve t h e  s i t u a t i o n .  These a re  ( 1 )  i n c r e a s e  t h e  turbopump e f f i c i e n c y ,  ( 2 )  reduce 
t h e  assumed system p r e s s u r e  drop,  ( 3 )  lower t h e  chamber p re s su re  a t  maximum t h r u s t ,  
and ( 4 )  f a b r i c a t e  t h e  i n j e c t o r  from copper r a t h e r  than  n i c k e l .  
An a n a l y s i s  comparing i n j e c t o r s  f a b r i c a t e d  from copper  wi th  i n j e c t o r s  made 
from n i c k e l  showed t h a t  t h e  copper  i n j e c t o r  i s  a n a l y t i c a l l y  s u p e r i o r  t o  n i c k e l .  Com- 
pa r ing  t h e  two c r i t i c a l  parameters ,  u s i n g  copper  and n i c k e l  i n j e c t o r s ,  shows: 
Maximum i n j e c t o r  f a c e  
tempera ture ,  O R  
Maximum gas  tempera ture  







Although no p l a t e l e t  i n j e c t o r s  have as y e t  been f a b r i c a t e d  from copper9  no problems 
are apparent  which would prevent  i t s  use.  
f a b r i c a t e d  from copper  i s  f e a s i b l e  w i t h i n  the  l i m i t a t i o n s  assumed f o r  t h e  a n a l y s i s .  
The t apof f  c y c l e  u s i n g  a p l a t e l e t  i n j e c t o r  
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V, Tapoff Cycle Analysis (cont.) 
C OPERATING REQUIREMENTS AND CONDITIONS 
The primary requirements for successful operation of the tapoff cycle 
injector concept are maintaining structural temperature limits and properly conditioning 
the combustion gas necessary to drive the turbopumps, Secondary considerations are 
pressure drop and propellant outlet temperature. The resulting envelope size and con- 
figuration of the injector must also be considered. 
The operating conditions considered were: 




5000 lb nominal at 2500 Pc 
Hydrogen inlet temperature 36 to 2000R 
range 
Mixture ratio 5 to 6 
D e  INJECTOR MODEL 
In order to perform the parametric studies required to evaluate concept 
feasibility, it was necessary to establish a mathematical model describing the 
thermal behavior of the injectorlheat exchanger. Schematically, this model is shown 
in Figure 5. 
the platelets transporting the fluids, selected to yield known boundary conditions. 
A finite differencing scheme was used to relax the network by means of the SINDA 
Thermal Analyzer computer program used on a UNIVAC 1108 computer. The model was 
programmed for maximum flexibility in input quantities and parameter values. 
Several subprograms were coupled with the main program to provide such quantities as 
pressure drop calculation, boundary conditions, thermodynamic and physical properties 
of the fluids and structure as a function of temperature and pressure and turbopump 
requirementss 
It is basically an electrical analog representation of a portion of 
( 1 )  
( 1 )  J, D, Gaski, QChrysler Improved Numerical Differencing Analyzer for Third 
Generation Computers,'( TN-SP-67-287, Chrysler Corp. Space Division, New Orleans, 
La,, October 1967, 
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V, D, I n j e c t o r  Model (cont . )  
The model provided f o r  two-dimensional temperature  p r o f i l e s  t o  b e  
e s t a b l i s h e d  through t h e  t h r e e  f l u i d s  and t h e  i n j e c t o r  s t r u c t u r e .  
SINDA program i n p u t ,  as w e l l  as t h e  s u b r o u t i n e s  used,  a r e  presented  and d i s c u s s e d  
i n  Appendix A. 
f o r  oxygen and hydrogen i s  n o t  included.  However, t h e i r  c o n t e n t s  and use  made of 
them are discussed.  ) 
A l i s t i n g  of t h e  
(A l i s t i n g  of t h e  r a t h e r  e x t e n s i v e  thermodynamic p r o p e r t i e s  program 
One d i f f i c u l t y  a s s o c i a t e d  wi th  t h r o t t l i n g  i s  t h a t  t h e  h e a t  exchanger 
i n j e c t o r  i s  r e q u i r e d  t o  o p e r a t e  a t  bo th  s u p e r c r i t i c a l  and s u b c r i t i c a l  p r e s s u r e s .  
For  t h i s  i n j e c t o r ,  maximum chamber p r e s s u r e  (P,) i s  2500 p s i a .  
be  t h r o t t l a b l e  over  a t h r u s t  range of 33:1, t h e  lower l i m i t  on Pc i s  about 75 p s i a .  
The c r i t i c a l  s t a t e  p o i n t s  f o r  t h e  r e s p e c t i v e  p r o p e l l a n t s  a r e  a s  f o l l o w s :  
S ince  t h e  system must 
Oxygen Hydrogen 
Cr i t ica l  temperature  27 8 a 60R 59 e 40R 
Cr i t ica l  p r e s s u r e  734.8 p s i a  187.6 p s i a  
I t  can be seen  t h a t ,  f o r  maximum t h r u s t  o p e r a t i o n ,  bo th  p r o p e l l a n t s  a r e  i n  a super- 
c r i t i c a l  s t a t e  dur ing  t h e i r  i n j e c t o r  r e s i d e n c e  t i m e .  For  t h r o t t l i n g  t o  chamber 
p r e s s u r e s  below 734.8 p s i a  f o r  oxygen and 187.6 p s i a  f o r  hydrogen, each p r o p e l l a n t  
undergoes phase changes from s u p e r c r i t i c a l ,  t o  two-phase, t o  gas.  
P r e d i c t i n g  h e a t  t r a n s f e r  and p r e s s u r e  drop f o r  two-phase f l o w  i s  d i f f i c u l t  
a t  best . ,  I n  t h e s e  s t u d i e s ,  t h e  beginning of t h e  two-phase f l o w  regime was determined 
f o r  each p r o p e l l a n t  and s a t u r a t e d  vapor p r o p e r t i e s  a t  t h e  p r e s s u r e  encountered a t  
t h i s  p o i n t  w e r e  used t o  e s t a b l i s h  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  and Reynolds number. 
I t  was recognized t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  d e r i v e d  i n  t h i s  manner w i l l  be  
somewhat less t h a n  might be  expected,  hence r e s u l t i n g  i n  a longer  channel requirement  
t o  t r a n s f e r  h e a t  and a c o n s e r v a t i v e  design. Other  methods were considered:: b u t  t h e i r  
complexi ty  were deemed n o t  j u s t i f i e d  f o r  t h i s  conceptua l  des ign  s tudy,  
f:Pe J, G i a r r a t a n o  and R, V, Smith, Womparat ive Study of Forced Convection B o i l i n g  
Heat T r a n s f e r  C o r r e l a t i o n s  f o r  Cryogenic F l u i d s , t P  Paper No, H-1  (Cryogenic Engi- 
n e e r i n g  Conf,, Houston, Texas,  23-25 August 1965). 
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E. COMBUSTION GAS CONDITIONING REQUIREMENTS FOR TURBOPUMP 
Combustion gas requirements necessary for successful turbopump operation 
were obtained by assuming a nominal combustion gas mixture ratio of 5.0 and using 
standard turbine expressions to derive gas weight flow and temperature ranges. The 
system configuration is shown schematically in Figure 6. Expressions used are listed 
below. The subscripts used refer to the conditions at that specific station as shown 
in Figure 6. 
1. Fuel Pump Weight Flow Requirement, lblsec 
W total x 1.059: - Wf l + M R  where 6 = total engine flow rate, lblsec total 
2, Oxidizer Pump Weight Flow Requirement, lblsec 
x k and TF 
- pC - x 1.059; where Gtotal 'total 
'c ( f u l 1  thrust ) 1 + M R  
w =  
0 
& is the combined oxygen and hydrogen flow rate for the full thrust condition. TF 
3, Turbine Outlet Temperature, OR 
T4 = Tg CP3/P4I 
T = Turbine inlet temperature, OR 3 
P = Total turbine inlet pressure, psia 
P4 = Static turbine exit pressure, psia 
3 
4. 
3 144 (P2 - P I )  AH = = lb/ft (fluid density) 
JcFactor to account for pump recirculation, tank pressurant, and other miscellaneous 
flows. 
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V, E ,  Combustion Gas Condi t ion ing  Requirements f o r  Turbopump ( c o n t . )  
5 .  S h a f t  Horsepower Requirement, SHP, hp 
i s  t h e  pump e f f i c i e n c y  
P 
SHP = 
6 .  Turbine f low r a t e  requirement ,  fi l b l s e c  t u r b  
SHP f: 550 
where e i s  t h e  average s p e c i f i c  - W 
t u r b  E (T3 - T 4 )  ;k 778 i': P9 3-4 
P,3-4 T 
h e a t  of t h e  combustion gas  from t h e  t u  i n e  i n l e t  t o  e x i t ,  and i s  t h e  t u r b i n e  
e f f i c i e n c y .  
7 .  Percent  of T o t a l  Weight Flow Required f o r  t h e  Fuel Turbopump, 
W 
x 100 - t u r b i n e  PGF - 6 t o t a l  
Percentage of t o t a l  weight f low r e q u i r e d  t o  d r i v e  both t h e  oxygen and 
hydrogen t u r b i n e s  were determined from t h e  above r e l a t i o n s h i p s  over a wide range of 
t y p i c a l  o p e r a t i n g  c o n d i t i o n s .  The turbopump o p e r a t i n g  parameters  were s e l e c t e d  t o  
cover  a range a s s o c i a t e d  wi th  advanced oxygenlhydrogen engines .  
as fo l lows:  
I n p u t  q u a n t i t i e s  were 
Level 1 Level 2 Level 3 
1 6 0 0 ,  2000,  2400 1600, 2000,  2400 1 6 0 0 ,  2000, 2400 
0.790 0.740 0.680 
0.888 0 .811 0 ,735 
0.70 0.60 0.50 
T3 ( O R )  
T 
C a l c u l a t i o n s  were performed f o r  each level  a t  each of t h e  fo l lowing  chamber p r e s s u r e s :  
P = 100, 200,  500, 1000, 1 5 0 0 ,  2000,  2500 p s i a  
C 
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The pump o u t l e t  p r e s s u r e  w a s  assumed t o  be 50% g r e a t e r  than  t h e  chambe 
t h e  t u r b i n e  i n l e t  t o  o u t l e t  p r e s s u r e  r a t i o  w a s  assumed t o  be  twenty t o  one. 
v a l u e s  a r e  r e p r e s e n t a t i v e  of systems o p e r a t i n g  a t  c o n d i t i o n s  s i m i l a r  t o  those  be ing  
cons idered .  
of tempera ture  and p res su re .  S p e c i f i c  h e a t  r a t i o  and average  s p e c i f i c  h e a t  f o r  t h e  
combustion g a s  a c r o s s  t h e  t u r b i n e  were assumed as fo l lows :  
p re s su re ,  and 
These 
F l u i d  d e n s i t i e s  w e r e  determined from a computerized t a b l e  a s  a f u n c t i o n  
MR = 5.0 
= 1 .3  
E p,3-4 = 0.815 
Liquid  tempera tures  a t  S t a t i o n  1 w e r e  ma in ta ined  j u s t  below s a t u r a t i o n  c o n d i t i o n s ,  i .e . ,  
Oxygen : 50 p s i a ,  T1 = 176QR 
P1 5 50 p s i a ,  T1 = 140°R 
Hydrogen: f o r  P1 50 p s i a ,  T1 = 40°R 
50 p s i a ,  T1 = 30°R 
A l i s t i n g  of t h e  computer program used t o  o b t a i n  t h e  turbopump f low 
requi rements  t o g e t h e r  w i th  t h e  o u t p u t  from which F igu re  7 w a s  de r ived  i s  g iven  i n  
Appendix Be 
r o u t i n e s  d i s c u s s e d  i n  t h e  nex t  s e c t i o n .  
Required c ryogenic  p r o p e r t i e s  were o b t a i n e d  from t h e  OXP and HYDP sub- 
F i g u r e  7 i s  a summary of  t h e  combined oxygen and hydrogen t u r b i n e  f l o w  
requi rements  as a pe rcen tage  of t h e  t o t a l  p r o p e l l a n t  f l ow over  t h e  d e s i r e d  t h r o t t l i n g  
range. 
f l ow r e q u i r e d  f o r  oxygen and hydrogen t u r b i n e  o p e r a t i o n :  
Seve ra l  t r e n d s  can  be  observed w i t h  r e s p e c t  t o  t h e  percentage  of p r o p e l l a n t  
(1) The percentage  i n c r e a s e s  as t h e  t u r b i n e  i n l e t  t empera ture  i s  reduced; 
dec reas ing  t h e  tempera ture  from 2400°R t o  16000R i n c r e a s e s  t h e  percentage  by about  50%. 
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( 2 )  The percentage  i n c r e a s e s  as t h e  pump-turbine e f f i c i e n c y  product  
decreases ;  d e c r e a s i n g  t h e  pump-turbine e f f i c i e n c y  from 0.7 t o  0.5 i n c r e a s e s  t h e  
percentage  by about  40%. 
( 3 )  The percentage  decreases  as t h e  p r o p e l l a n t  f low i s  t h r o t t l e d ;  over  
t h e  Pc range of 2 5 ~ 1 ,  t h e  t u r b i n e  f l o w  requirement  decreases  t o  about 3% of t h e  f u l l  
t h r u s t  value.  
F i g u r e  7 e s t a b l i s h e s  a n  o p e r a t i n g  band f o r  t h e  t h r o t t l i n g  c o n d i t i o n s ,  
and p o i n t  s e l e c t i o n s  w e r e  made from w i t h i n  t h i s  band t o  o b t a i n  t h e  weight f low r e q u i r c -  
ments of t h e  h o t  gas  channels .  Operat ing p o i n t s  w i l l  p r i m a r i l y  be a f u n c t i o n  of 
turbopump s i z e  and m a t e r i a l  s e l e c t i o n ;  6% of  t h e  t o t a l  f l o w  r a t e  w a s  s e l e c t e d  a s  a 
des ign  p o i n t  f o r  f u r t h e r  a n a l y s i s .  
F. RESULTS 
1. Nickel  I n j e c t o r  
F i g u r e s  8, 9 , a n d  10 summarize t h e  r e s u l t s  of  t h e  tapoff  c y c l e  h e a t  
t r a n s f e r  a n a l y s i s .  F u l l  t h r u s t  o p e r a t i n g  c o n d i t i o n s  were i n v e s t i g a t e d  f i r s t  because 
( 1 )  they r e p r e s e n t e d  t h e  '!worst case"--highest  p r o p e l l a n t  f low r a t e s  and h e a t  
t r a n s f e r  requirements--and ( 2 )  computer program m o d i f i c a t i o n s  were r e q u i r e d  t o  handle  
t h e  two-phase f l o w  c a l c u l a t i o n s  necessary  f o r  r e p r e s e n t i n g  t h e  t h r o t t l i n g  c o n d i t i o n s .  
F i g u r e  8 i s  a p l o t  of h o t  combustion gas  o u t l e t  ( t u r b i n e  i n l e t )  
temperature  a s  a f u n c t i o n  of chamber p r e s s u r e  and t h r o t t l i n g  r a t i o  f o r  two i n j e c t o r  
(channel )  l e n g t h s  and 6% h o t  b l e e d  gas  f l o w  rate .  The primary c o n s i d e r a t i o n  h e r e  
i s  t h a t  t h e  h o t  b l e e d  gas  h a s  s u f f i c i e n t  energy--af te r  g i v i n g  up h e a t  t o  t h e  c ryogenic  
p r o p e l l a n t - - t o  o p e r a t e  t h e  turbopumps, 
t u r e  i s  s t r o n g l y  a f f e c t e d  by h e a t  exchanger channel l e n g t h  and ho t  gas  f low r a t e .  
The r e s u l t s  show t h a t  t h e  h o t  gas  e x i t  tempera- 
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The minimum accep tab le  channel  l e n g t h  appears  t o  be on t h e  o r d e r  of 0.3 i n .  wi thout  
exceeding s t r u c t u r a l  l i m i t a t i o n s .  The percentage  of ho t  gas tapped from t h e  combus- 
t i o n  chamber w a s  assumed t o  remain c o n s t a n t  dur ing  t h r o t t l i n g  because t h e  h e a t  
exchanger channel  geometry w a s  f i x e d .  A t  t h e  lower t h r o t t l i n g  c o n d i t i o n s ,  t h e  h o t  
gas  e x i t  temperature  drops.  This ,  however, i s  n o t  a problem because t h e  ho t  b l eed  
gas  volume (percentage  of combustion gas  f low ra te )  i s  cons ide rab ly  h ighe r  than  
t h e o r e t i c a l l y  r equ i r ed  (F igure  7 ) ,  t hus  t h e  t o t a l  volume supp l i ed  t o  t h e  t u r b i n e  a t  
t h r o t t l e d  cond i t ions  i s  more than  adequate .  
F igu re  9 i s  a p l o t  showing t h e  e f f e c t  of t h r o t t l i n g  on i n j e c t o r  f a c e  
temperature  a t  i t s  h o t t e s t  po in t .  
t h e  o x i d i z e r  s i d e  of t h e  ho t  gas  channel  a t  t h e  i n j e c t o r  face., 
t o  those  of t h e  hot  gas  o u t l e t  temperature .  I n j e c t o r  f a c e  tempera ture  decreases  wi th  
t h r o t t l i n g - - o n  t h e  o r d e r  of 700°R over  t h e  e n t i r e  range. 
i n j e c t o r  l eng th ,  dec reas ing  about  200°R f o r  a 50% r e d u c t i o n  i n  length .  It  i s  a 
s t r o n g  f u n c t i o n  of ho t  gas  f low ra te ;  reducing t h e  h o t  gas  f low ra te  from 10 t o  6% 
reduces  t h e  f a c e  tempera ture  by about  10000R. This  i s  wi th in  100°R of t h e  assumed 
maximum of 24600R. (The m e l t i n g  p o i n t  of n i c k e l  i s  about  31100R.) 
This  l o c a t i o n  i s  a t  node 66 of F igu re  5, which i s  
The t r e n d s  a r e  s i m i l a r  
I t  i s  weak f u n c t i o n  of 
F igu re  9 i n d i c a t e s  t h a t  t h e  maximum i n j e c t o r  f a c e  temperature  w i l l  vary  
between 2590OR and 1780OR as t h e  chamber i s  t h r o t t l e d ,  assuming a 6% hot  gas f low 
r a t e  and hea t  exchanger channel  l e n g t h  of 0 .3  i n .  Consider ing t h e  maximum h e a t  f l u x ,  
t h e  lowest f a c e  tempera ture  occurs  a t  node 22 of F igure  5, immediately ad jacen t  t o  
t h e  f u e l  channel  where t h e  temperature  i s  413OR, The h e a t  t r a n s f e r  c o e f f i c i e n t  a t  
t h e  i n j e c t o r  f a c e  w a s  c a l c u l a t e d  t o  be 0.00140 B tu / in ,  -sec-OR. 
tempera ture  of 5487OR, t h e  maximum h e a t  f l u x  i s  approximately 7 .1  B tu / in .  -sec.  
2 Using a recovery 
2 
F igu re  loshows t h e  e f f e c t  of number of channels  on wal l  and f l u i d  
tempera tures  a t  key l o c a t i o n s .  
0.3-ine h e a t  exchanger channel  l eng th ,  and f u l l  t h r u s t  cond i t ions .  This  channel 
l e n g t h  s e l e c t i o n  r e s u l t s  from n o t i n g  t r e n d s  on F igu res  8 and 9. 
t h a t ,  t h e  longer  t h e  channel  l eng th ,  t h e  h o t t e r  t h e  i n j e c t o r  f a c e  temperature  becomes, 
which i s  s l i g h t l y  above t h e  maximum a l lowable  a t  0 .3  i n .  
R e s u l t s  p re sen ted  are f o r  a 6% hot  gas  f low r a t e ,  
F igu re  8 i n d i c a t e s  
With r e s p e c t  t o  ho t  gas  
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f l o w  r a t e ,  b o t h  t h e  i n j e c t o r  f a c e  temperature  and t h e  t u r b i n e  i n l e t  temperature  
i n c r e a s e  wi th  i n c r e a s i n g  h o t  g a s  flow. t h e  minimum a c c e p t a b l e  ho t  g a s  f l o w  
r a t e  of 6% was s e l e c t e d ,  which, a f t e r  looking  a t  F igure  7, i s  s u f f i c i e n t  t o  supply 
t h e  r e q u i r e d  en tha lpy  a t  t h e  f u l l  t h r u s t  c o n d i t i o n  w i t h  no margin of s a f e t y .  
Henceg 
F i g u r e  10 i n d i c a t e s  t h a t  t h e  minimum number of  channels  i s  approximately 
2 2900, corresponding t o  an i n j e c t o r  f a c e  a r e a  of 26.2 i n .  (I Since  t h e  key tempera- 
t u r e s  decrease  s i g n i f i c a n t l y  wi th  a n  i n c r e a s e  i n  t h e  number of channels ,  p rovid ing  
more than  2900 channels  would r e s u l t  i n  a g r e a t e r  margin of s a f e t y  w i t h  r e s p e c t  t o  
o p e r a t i n g  temperatures .  It  can  be noted  t h a t  t h e  p r o p e l l a n t  o u t l e t  temperatures  
i n c r e a s e  only  s l i g h t l y  wi th  number of channels .  T h r o t t l i n g  t o  lower chamber p r e s s u r e s  
r e s u l t s  i n  lower tempera tures ,  a s  shown on F i g u r e s  8 and 9; hence,  F i g u r e 1 0  r e p r e s e n t s  
t h e  most s e v e r e  c o n d i t i o n s .  
Pressure  drop P )  c a l c u l a t i o n s  were made only  t o  a s s u r e  t h a t  channel 
geometr ies  s e l e c t e d  would provide  r e a s o n a b l e  PIS. No a t tempt  was made t o  opt imize  
wi th  r e s p e c t  t o  P. Ent rance  l o s s e s  were assumed; momentum and f r i c t i o n a l  
c a l c u l a t e d  f o r  each case by t h e  subrout ine  provided. For  t h e  f u l l  t h r u s t ,  6% h o t  
g a s  f low c a s e ,  P I S  w e r e  as  f o l l o w s :  
P f u e l  channel  = 276 p s i  
P o x i d i z e r  channel  = 1013 p s i  
P h o t  g a s  channel = 0 - 0 3  p s i  
(Fuel  and o x i d i z e r  i n t e r n a l  channel s i z e  i s  0.005 x 0.050 i n . ;  h o t  gas  channel  s i z e  
i s  0.050 x 0.050 i n . )  
I t  i s  concluded t h a t  t h e  h o t  g a s  t a p o f f  c y c l e  i n j e c t o r  concept  i s  f e a s i b l e  
and can o p e r a t e  s u c c e s s f u l l y  over  t h e  f u l l  t h r o t t l i n g  range s p e c i f i e d .  However, 
c e r t a i n  p r a c t i c a l  c o n s i d e r a t i o n s ,  such a s  t h e  extremely s h o r t  channel l e n g t h  (0 .3  i n . ) ,  
may tend t o  d iminish  t h e  d e s i r a b i l i t y  of employing t h i s  concept .  
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2. Copper Injector 
A single computer run was made in which copper was substituted for 
nickel as the raw material. Considering the two most critical parameters, maximum 
injector face temperature and maximum bleed gas temperature at the turbine inlet, 
the comparison shows: 
Parameter Nickel Copper 
Maximum injector face 2550 1440 
temperature, OR 
Maximum gas temperature 2780 2160 
at turbine, OR 
Thus, from an analytical standpoint, copper is significantly superior to nickel for 
this application. 
Figure 11 shows the temperatures calculated at each of the various 
injector face nodes for both nickel and copper. 
been fabricated from copper, there is nothing immediately apparent that would prevent 
its use. Certainly, the tapoff cycle, using a copper platelet injector, is feasible 
within the limitations of this analysis. 
While no platelet injectors have 
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The fundamental  approach t o  t h e  des ign  of a t h r o t t l a b l e  annu la r  i n j e c t o r  f o r  
Phase I11 was t h e  same  as t h a t  employed dur ing  Phase I and Phase 11; t h a t  i s ,  t o  
des ign  t h e  i n j e c t o r  t o  vapor i ze  t h e  o x i d i z e r  p r i o r  t o  i n j e c t i o n  i n t o  t h e  chamber. 
Warm hydrogen and l i q u i d  oxygen a r e  s u p p l i e d  t o  t h e  i n j e c t o r ,  A s  t h e  p r o p e l l a n t s  
f low through t h e  i n j e c t o r ,  t h e r e  i s  s u f f i c i e n t  i n t e r p r o p e l l a n t  hea t  t r a n s f e r  t o  com- 
p l e t e l y  vapor i ze  t h e  l i q u i d  oxygen. 
drop r e l a t i o n s h i p  completely d i f f e r e n t  from t h a t  of a convent iona l  l i q u i d  system. 
With a convent iona l  l i q u i d  system, the  p r e s s u r e  drop i s  p ropor t iona l  t o  t h e  square  
of t h e  f low ra te  so  t h a t  t h e  f e e d  system hardness--as  i n d i c a t e d  by t h e  r a t i o  
APinj /Pc--decreases  a s  t h e  f low r a t e  i s  t h r o t t l e d  down. 
oxygen, t h i s  c i r c u i t  t a k e s  on gaseous f e e d  system behavior ,  which ma in ta ins  t h e  
APinj/Pc r a t i o  n e a r l y  c o n s t a n t  over  a wide t h r o t t l i n g  range. 
This  g ives  t h e  oxygen c i r c u i t  a f l o w - p r e s s u r e  
However, by vapor i z ing  t h e  
This  i s  important  i n  
t h e  des ign  o f  a t h r o t t l i n g  i n j e c t o r  s i n c e  i t  i n d i c a t e s  adequate  f e e d  system s t i f f n e s s  
can  be main ta ined  a t  low t h r u s t  wi thout  t h e  n e c e s s i t y  of u s ing  excess ive  i n j e c t o r  
p re s su re  drops a t  f u l l  t h r u s t .  
The Phase 111 n i c k e l  i n j e c t o r  des ign  w a s  o r i g i n a l l y  t o  inco rpora t e  r e s u l t s  of 
t h e  Phase I1 i n j e c t o r s '  c o l d  f low h e a t  exchanger t e s t i n g  and gaseous t e s t i n g  and 
would have been completed e a r l y  i n  t h e  program, However, a f t e r  t h e  h e a t  exchanger 
r e s u l t s  po in ted  o u t  t h e  i n j e c t o r  h e a t  exchanger s e c t i o n  t o  be l e s s  e f f e c t i v e  than  
o r i g i n a l l y  c a l c u l a t e d ,  t h e  Phase I11 i n j e c t o r  des ign  w a s  suspended whi le  f i v e  concept  
v a r i a t i o n  h e a t  exchangers were f a b r i c a t e d ,  t e s t e d ,  and t h e  r e s u l t s  eva lua ted .  A f t e r  
complet ion of t h e  sample h e a t  exchanger t e s t i n g ,  des ign  work on t h e  i n j e c t o r  was 
aga in  i n i t i a t e d ,  i n c o r p o r a t i n g  t h e  b e s t  h e a t  exchanger des ign  i n t o  t h e  Phase I11 
n i c k e l  i n j e c t o r ,  The computer program t o  e s t i m a t e  h e a t  t r a n s f e r  and p res su re  drop 
w a s  modi f ied  t o  inc lude  t h e  h e a t  exchanger r e s u l t s  and i s  p resen ted  i n  Appendix C ,  
I n j e c t o r  m o d i f i c a t i o n s  between t h e  Phase I1 and Phase 111 des igns  were h e l d  
t o  a minimum, c o n s i s t e n t  w i th  a v a i l a b l e  d a t a  from t h e  c o l d  f low work. The f a c e  
dimensions and b a f f l i n g  technique  w e r e  unchanged, The method of mani fo ld ing  was 
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changed t o  improve t h e  observed unevenness of t h e  h e a t  exchange. I n  t h e  Phase I1 
des ign ,  t h e  p l a t e l e t s  w e r e  s t acked  i n  t h e  d i r e c t i o n  of t h e  minimum he igh t  (1.77 i n . )  
of t h e  i n j e c t o r  f a c e  t o  ach ieve  a minimum p l a t e l e t  s t a c k  he igh t .  However, t h i s  
r e s u l t e d  i n  a wider  p l a t e l e t  and, consequent ly ,  more unevenness i n  t h e  h e a t  exchange 
because t h e  f u e l  has a longer  d i s t a n c e  t o  go from t h e  mani fo lds  on each s i d e  t o  t h e  
c e n t e r  of t h e  p l a t e l e t .  For  the  Phase 111 des ign ,  t h e  p l a t e l e t s  were s t acked  i n  t h e  
oppos i t e  d i r e c t i o n ,  which r e s u l t e d  i n  a h i g h e r  s t a c k  he igh t  ( 3 . 4 6  i n . )  b u t  a much 
narrower p l a t e l e t .  This  a l lowed t h e  p l a t e l e t s  t o  be f e d  a l t e r n a t e l y  from t h e  f u e l  
mani fo lds  l o c a t e d  on each s i d e  of t h e  p l a t e l e t s  and r e s u l t e d  i n  a more uniform h e a t  
exchange. The h e a t  exchanger design changed s u b s t a n t i a l l y  a s  d i c t a t e d  by t h e  d a t a  
from t h e  c o l d  f low tes t s  r e p o r t e d  i n  S e c t i o n  X,A. I n j e c t i o n  v e l o c i t i e s  were based 
on t h e  gaseous t es t  s e r i e s  as r epor t ed  i n  Sec t ion  X,C. A major change w a s  made t o  
improve f a c e  coo l ing  c a p a b i l i t y .  
s t a i n l e s s  s tee l  f o r  i n j e c t o r  f a b r i c a t i o n .  This  improved f a c e  coo l ing  c h a r a c t e r i s t i c s  
because of t h e  s u p e r i o r  thermal c o n d u c t i v i t y  of n i c k e l .  
This  change w a s  t h e  s u b s t i t u t i o n  of Nickel  200 f o r  
The h e a t  exchanger des ign  s e l e c t e d  c o n s i s t e d  of s e v e r a l  l a r g e  channels  w i th  
numerous t u r b u l a t o r  bu t tons  ex tending  from one s i d e  of t h e  channel  t o  t h e  o t h e r .  
This  m o d i f i c a t i o n  w a s  necessa ry  t o  f o r c e  t h e  l i q u i d  d r o p l e t s  i n t o  c o n t a c t  w i th  t h e  
ho t  w a l l .  I n  t h e  prev ious  Phase I1 des ign ,  a vapor b a r r i e r  w a s  formed which prevented  
t h e  c o n t i n u a t i o n  of b o i l i n g  a t  t h e  exchanger w a l l ,  thereby  g r e a t l y  reducing t h e  h e a t  
t r a n s f e r  c o e f f i c i e n t  p r i o r  t o  complete v a p o r i z a t i o n  of t h e  l i q u i d .  The t u r b u l a t o r s  
e f f e c t i v e l y  des t royed  t h i s  vapor boundary and, i n  a d d i t i o n ,  i nc reased  t h e  a v a i l a b l e  
h e a t  t r a n s f e r  a r ea .  
The n i c k e l  i n j e c t o r  p l a t e l e t  s t a c k  c o n s i s t e d  of f o u r  types  of Nickel 200 
p l a t e l e t s  ( f u e l  s e p a r a t o r ,  o x i d i z e r  s e p a r a t o r ,  f u e l  meter ing ,  and o x i d i z e r  me te r ing )  
which are s t acked  as shown i n  F igu re  12. 
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The f u e l  p l a t e l e t  w a s  0,008 in .  t h i c k  and con ta ined  0.004 i n ,  depth-etched 
plenums, hea t  exchanger and i n j e c t i o n  s e c t i o n s .  The f u e l  and o x i d i z e r  manifolds  
and meter ing  passage of t h e  f u e l  p l a t e l e t  a r e  through-etched. Two f u e l  mani fo lds  
a r e  provided:  one a t  t h e  r i g h t  and one a t  t h e  l e f t  of t h e  p l a t e l e t s . .  These a l t e r -  
n a t e l y  d i r e c t  f u e l  from t h e  r i g h t  t o  t h e  l e f t  and from t h e  l e f t  t o  t h e  r i g h t  through 
t h e  t r i angu la r - shaped  plenum s e c t i o n s  of t h e  manifold.  This  a l t e r n a t i n g  p a t t e r n  
minimizes d i f f e r e n t i a l  hea t  t r a n s f e r  t o  t h e  o x i d i z e r .  The f u e l  p l a t e l e t  h e a t  
exchanger s e c t i o n  and i n j e c t i o n  s e c t i o n s  are  both  0.050 i n .  wide. The p res su re  drop 
p o r t i o n  of t h e  f u e l  p l a t e l e t  i s  0.040 i n .  wide. 
The f u e l  s e p a r a t o r  p l a t e l e t  i s  0.020 i n .  t h i c k  and i s  depth-etched 0.012 i n .  
i n  the  plenum s e c t i o n ,  hea t  exchanger s e c t i o n ,  and i n j e c t i o n  s e c t i o n  t o  match the  
f u e l  meter ing  p l a t e l e t .  This  r e s u l t s  i n  a groove depth  of 0.016 i n ,  i n  t h e s e  s e c t i o n s .  
Liquid o x i d i z e r  e n t e r s  t h e  o x i d i z e r  meter ing  p l a t e l e t  and o x i d i z e r  s e p a r a t o r  
p l a t e l e t  from t h e  manifold a t  t h e  top  and passes  s t r a i g h t  downward through t h e  h e a t  
exchanger s e c t i o n  where t h e  o x i d i z e r  i s  g a s i f i e d .  From t h e  hea t  exchanger s e c t i o n ,  
t h e  o x i d i z e r  pas ses  i n t o  t h e  p re s su re  drop s e c t i o n ,  t hen  t h e  i n j e c t i o n  s e c t i o n ,  and 
then  i s  i n j e c t e d  a x i a l l y .  
The o x i d i z e r  meter ing  p l a t e l e t  was 0.006 i n .  t h i c k  and had through-etched 
f u e l  mani fo lds ,  o x i d i z e r  mani fo lds ,  and me te r ing  passages.  The hea t  exchanger s e c t i o n  
and i n j e c t i o n  s e c t i o n  a r e  depth-etched 0.004 i n .  Groove width i n  t h e  hea t  exchanger 
s e c t i o n  was 0 , 2 8 4  i n .  w i th  an a l t e r n a t i n g  four-row bu t ton  p a t t e r n  i n  t h e  channel .  
Groove width i n  the  meter ing  passages and i n j e c t i o n  s e c t i o n  w a s  a c o n s t a n t  0.042 i n .  
The o x i d i z e r  s e p a r a t o r  p l a t e l e t  was 0 , 0 2 0  i n .  t h i c k  and was depth-etched 
0.012 i n ,  i n  t h e  h e a t  exchanger s e c t i o n  and i n j e c t i o n  s e c t i o n ,  
t h e  bu t ton  p a t t e r n  match t h e  o x i d i z e r  meter ing  p l a t e l e t .  
0.016 i n ,  i n  t h e  hea t  exchanger and i n j e c t i o n  s e c t i o n s ,  The i n j e c t o r  f a c e  o r i f i c e  
d e t a i l s  a r e  shown i n  F igu re  13. 
Groove wid ths  and 
To ta l  groove depth w a s  
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The p l a t e l e t s  are  assembled as shown i n  F igu re  1 2  wi th  t h e  fo l lowing  des ign  
d e t a i l s  r e s u l t i n g :  
No, of p l a t e l e t s  
Depth of plenum, i n .  
Depth of h e a t  exchanger passage, i n .  
Width o f  h e a t  exchanger passage, i n .  
Depth of p r e s s u r e  drop  passage, i n .  
Width o f  p r e s s u r e  drop  passage, i n .  
Depth of i n j e c t i o n  passage, i n .  
Width of i n j e c t i o n  passage, i n ,  
No. of o r i f i c e s  
P a t t e r n  index  ( d i s t a n c e  between f u e l  
and o x i d i z e r  o r i f i c e s ) ,  i n .  
Fuel -Oxid ize r  
62 63 
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V I I ,  HEAT EXCHANGER SAMPLES DESIGN 
The r e s u l t s  of t h e  h e a t  exchanger e v a l u a t i o n  w i t h  t h e  Phase I1 i n j e c t o r s ,  
d i s c u s s e d  i n  S e c t i o n  X , A , l ,  showed t h a t  t h e  l i q u i d  oxygen was n o t  be ing  completely 
vapor ized  and work was t h e r e f o r e  i n i t i a t e d  t o  examine a l t e r n a t e  h e a t  exchanger 
des igns ,  The h e a t  exchanger des igns  were e v a l u a t e d  i n  t h e  same manner as t h e  
Phase I1 i n j e c t o r s - - b y  f lowing  gaseous hydrogen i n  i t s  own c i r c u i t  and then  s u b s t i -  
t u t i n g  l i q u i d  n i t r o g e n  f o r  t h e  l i q u i d  oxygen i n  i t s  c i r c u i t .  I n  t h i s  manner, t h e  
most e f f i c i e n t  h e a t  exchanger c o n f i g u r a t i o n  w a s  determined by v i s u a l  observa t ion .  
There w e r e  f i v e  d i f f e r e n t  des igns ,  f o u r  new c o n f i g u r a t i o n s  and one c o n f i g u r a t i o n  
s i m i l a r  t o  t h e  Phase I1 i n j e c t o r s  and pre l iminary  i n j e c t o r  design f o r  Phase 111. 
F i g u r e  1 4  shows t h e  des ign  c o n f i g u r a t i o n s .  
Each sample c o n s i s t e d  of twenty-four 20-mil-thick p l a t e l e t s  ( 1 2  f u e l  and 
1 2  o x i d i z e r ) ,  t h u s  making a s t a c k  approximately 0.50 i n .  t h i ck .  The p l a t e l e t  con- 
t a i n e d  only t h e  h e a t  exchanger p o r t i o n  of a r e g u l a r  i n j e c t o r  p l a t e l e t  t o  minimize 
t h e  s i z e  and c o s t  of t h e  samples. Each p l a t e l e t  c o n t a i n e d  20 channels ,  which was 
s i m i l a r  t o  t h e  pre l iminary  Phase I11 design.  A l l  p l a t e l e t s ,  except  Type I1 of 
F i g u r e  14, were depth-etched halfway through t o  form t h e  f low passage. Type 11 was 
depth-etched 5 m i l  on each s i d e ,  which b u t t e d  t o g e t h e r  t o  form t h e  10-mil-deep 
passage. Type I of F i g u r e  1 4  shows t h e  des ign  c o n f i g u r a t i o n  s i m i l a r  t o  t h e  Phase I1 
i n j e c t o r s ,  T h i s  c o n f i g u r a t i o n  had s t r a i g h t  through channels  and was used a s  a 
s t a n d a r d  f o r  comparison purposes.  The f o u r  remaining c o n f i g u r a t i o n s  w e r e  designed t o  
g e n e r a t e  mixing of t h e  c o r e  of l i q u i d  and break up t h e  vapor f i l m  a long  t h e  hea ted  
w a l l  while  s t i l l  main ta in ing  a low level of  p r e s s u r e  drop, This  was done by p u t t i n g  
o b s t r u c t i o n s  ( b u t t o n s )  i n  t h e  o x i d i z e r  channel  only.  Four des igns  w e r e  deemed 
necessary  t o  f u l l y  i n v e s t i g a t e  t r a d e o f f s  between minimum p r e s s u r e  drop, minimum h e a t  
exchanger l e n g t h ,  and maximum mixing. 
Type I1 of F i g u r e  14  had 2.5-mil b a r s  approximately 0,30-ine a p a r t  and a l t e r -  
n a t e l y  on one s i d e  of t h e  channel  and then  t h e  o p p o s i t e  s i d e ,  To f a b r i c a t e  t h i s  
design,  i t  was necessary  t o  depth-etch each p l a t e l e t  on both  s i d e s ,  
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V I I ,  Heat Exchanger Samples Design ( c o n t . )  
Type I11 and I V  of F igure  1 4 w e r e  very s imi l a r  i n  des ign ,  The only  d i f f e r e n c e  
w a s  i n  t h e  he igh t  of t h e  bu t ton  i n  t h e  channels .  Type 111 had 10-mil f u l l  he igh t  
( ac ross  t h e  channel )  b u t t o n s  which Type I V  had bu t tons  t h a t  were ha l f  as high--5 m i l .  
The bu t tons  were spaced such t h a t  t h e  f l u i d  d i d  no t  have a s t r a i g h t  p a t h  down t h e  
channel bu t  i n s t e a d  had t o  move back and f o r t h  on i t s  r o u t e  from t h e  manifold t o  t h e  
f a c e ,  
The l a s t  c o n f i g u r a t i o n ,  Type V, had seven l a r g e  channels  i n s t e a d  of 20 
smaller channels .  
be ,  bu t tons  were s u b s t i t u t e d  t o  i n c r e a s e  t h e  h e a t  t r a n s f e r  a r e a .  Again, t h e  bu t tons  
were spaced such t h a t  t h e  f l u i d  had to  move back and f o r t h  on i t s  r o u t e  t o  t h e  
i n j e c t o r  face .  
I n  p l a c e  of where t h e  l a n d  between t h e  channels  would normally 
The mani fo ld  f e e d  system f o r  each c o n f i g u r a t i o n  was t h e  same i n  a l l  ca ses .  
Liquid o x i d i z e r  ( s imula ted  by l i q u i d  n i t r o g e n )  e n t e r e d  t h e  h e a t  exchanger p o r t i o n  of 
the  p l a t e l e t  from one mani fo ld  a t  t h e  top.  Fuel (gaseous hydrogen) en te red  from two 
s e p a r a t e  mani fo lds  l o c a t e d  on t h e  r i g h t  and l e f t  s i d e s  of t h e  p l a t e l e t .  These a l t e r -  
n a t e l y  d i r e c t  f u e l  from t h e  r i g h t  t o  t h e  l e f t  and from t h e  l e f t  t o  t h e  r i g h t  through 
t h e  t r i angu la r - shaped  mani fo lds .  
h e a t  t r a n s f e r  t o  t h e  o x i d i z e r .  
This  a l t e r n a t i n g  p a t t e r n  minimized d i f f e r e n t i a l  
S t a i n l e s s  s t e e l  w a s  used f o r  p l a t e l e t  f a b r i c a t i o n  r a t h e r  than  t h e  n i c k e l  
proposed f o r  t h e  a c t u a l  Phase I11 i n j e c t o r .  This  s u b s t i t u t i o n  was made because 
n i c k e l  s h e e t  s tock  w a s  i n  s h o r t  supply.  The s u b s t i t u t i o n  had an i n s i g n i f i c a n t  
i n f l u e n c e  on t e s t  r e s u l t s  f o r  two reasons.  F i r s t ,  t h e  meta l  thermal r e s i s t a n c e  w a s  
no t  a major r e s i s t a n c e  i n  t h e  hea t  exchanger;  and second, t h e  t e s t  d a t a  w e r e  eva lua ted  
p r i m a r i l y  by comparison of t h e  new p a t t e r n s  wi th  each o t h e r  and a g a i n s t  t h e  Phase I1 
c o n t r o l  p a t t e r n ,  
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V I I I .  WATER-COOLED CHAMBER DESIGN 
To overcome d u r a t i o n  d e f i c i e n c i e s  d i scove red  i n  t h e  o r i g i n a l  chamber des ign  
dur ing  Phase I1 t e s t i n g ,  i t  w a s  determined t h a t  t h e  Phase I1 chamber should be 
water  cooled ,  have a s i n g l e  contour ,  and be capab le  of o p e r a t i n g  a t  p r e s s u r e s  up t o  
2500 ps i a .  The water c o o l i n g  pe rmi t t ed  long  d u r a t i o n  f i r i n g s  necessary  t o  g a t h e r  
more r e l i a b l e  performance d a t a ,  The s i m p l i f i e d  chamber contour  improved t h e  r e l i a -  
b i l i t y  of t h e  performance d a t a  over  t h e  Phase I1 t e s t i n g  da ta .  
The chamber w a s  des igned  t o  be  capab le  of o p e r a t i n g  a t  a mix tu re  r a t i o  of 5 : l  
ove r  a range of chamber p r e s s u r e s  from 75 t o  2500 p s i a .  Cooling w a s  achieved by 
water making a s i n g l e  pas s  (from i n j e c t o r  t o  nozz le  e x i t )  through s m a l l  c o o l a n t  
channels  of 0,055 i n .  h e i g h t  and 0.050 i n .  width,  spaced 0.050 i n ,  from each o t h e r  
( s e e  F igure  1 5 ) .  The w a l l  t h i ckness  from t h e  ho t  gas  s i d e  t o  t h e  c o o l a n t  s i d e  w a s  
nominal ly  0.030 i n .  The chamber mater ia lwas  oxygen-free copper .  Two chamber gas - s ide  
c o n f i g u r a t i o n s  were i n v e s t i g a t e d :  a noncoated gas - s ide  s u r f a c e  and a 0.002-in.- thick 
h a f n i a  gas - s ide  s u r f a c e  coa t ing .  A t  t h e  maximum in t ended  chamber p re s su re  of 2500 p s i a ,  
t h e  p r e d i c t e d  h e a t  f l u x  i n  t h e  t h r o a t  r e g i o n  w a s  97BtuI in .  -sec f o r  t h e  noncoated 
c o n f i g u r a t i o n  and only  30 Btu / in .  2-sec f o r  t h e  0.002-in.  hafn ia-coa ted  chamber. 
2 
The combustion chamber w a s  a two-dimensional  c o p p e r / s t a i n l e s s  s tee l  assembly, 
The chamber had a c o n t r a c t i o n  r a t i o  of 4 . 8 ~ 1  and a 2 : l  expansion r a t i o  nozz le ,  The 
unit w a s  capab le  of o p e r a t i o n  up t o  2500 p s i a  chamber p re s su re  as confirmed by a 
s t ress  a n a l y s i s  of t h e  des ign .  The b a s i c  c o o l a n t  channel  c o n f i g u r a t i o n  c o n s i s t e d  of 
seventeen  channe l s  on each of t h e  two chamber con tour  w a l l s  and t h i r t y - s i x  channels  
on each s i d e  of  t h e  two chamber f l a t  w a l l s .  
The housing wasmachined from s t a i n l e s s  s t e e l  and i n c o r p o r a t e s  f o u r  i n l e t  and 
f o u r  o u t l e t  mani fo lds ,  d i s t r i b u t i o n  mani fo lds ,  and provides  t h e  s e a l i n g  s u r f a c e  f o r  
t h e  O-rings on t h e  copper  l i n e r .  
s e a l  s u r f a c e  on t h e  forward end and a t tachment  i n t e r f a c e  f o r  t h e  nozz le  ex tens ion  on t h e  
a f t  end. F igu res  16 and 17 show t h e  assembly d e t a i l s .  
I t  a l s o  inco rpora t ed  injector-chamber  i n t e r f a c e  and 
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VIII, Water-Cooled Chamber Design (cont. ) 
An uncooled copper insert of the same configuration as the cooled chamber 
configuration was designed to fit the Phase I1 housing. This chamber was used for 
the checkout tests with the Phase I11 nickel injector. It permitted valve sequencing 
and manifold fill time checkout testing without risking the more expensive cooled 
chamber. The uncooled chamber was also used for the GH2/G02 hot firing testing. 
A, HYDRAULIC ANALYSIS 
The various thermal and hydrodynamic characteristics of the water-cooled 
copper chamber were obtained from the IIHEATvl(l) computer program. 
used for the analysis of regenerative cooling. The temperature and pressure, as well 
as transport properties, Mach number, etc., of the coolant are determined at each 
station along the contour by a f5narchingtl calculation that proceeds in the direction 
of the coolant flow. A variety of coolant passage geometries may be treated. The 
heat flux and wall temperature are also calculated at each station; two-dimensional 
enhancement of heat conduction in channel walls is accounted for by means of a fin- 
type equation. 
boiling and nonboiling heat transfer coefficients, as well as the gas-side heat trans- 
fer coefficients. These options, especially those for the coolant, allow the best 
choice to be made for the actual fluids under consideration. 
This program is 
There are a number of analytic options for calculation of the coolant 
A hydraulic analysis of the water-cooled copper chamber was also 
performed to obtain estimates of the entrance and exit losses due to turns, entrance 
effects, and sudden expansions. This was necessary since the vlHEAT1l program can 
only treat the pressure losses occurring within the coolant channel, Figures 18 
through 28 are a summary of the hydraulic results. 
Figure 18 shows the predicted overall pressure drop from coolant source 
to coolant discharge, as a function of the coolant flow rate through a single chamber 
side wall, Differentiation is made between the contour sides with 1 7  coolant channels 
each, and the flat sides with 36 coolant channels each. An average roughness of 39 
(39 x in,) was used in the channel friction pressure drop equations, since this 
was the average of some measurements taken from channels in a test chamber wall, 
( 1 )  Hester, J, N B 9  Chan, J., Thermocal - Phase I, Aerojet-General Gorp., Report 
No, 9600 :M014, September 1969, 
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VIII, A ,  Hydraul ic  Ana lys i s  ( con t . )  
A t o t a l  of t h r e e  measurements w e r e  t aken  p e r  chamber s i d e  w a l l ,  i n  t h r e e  d i f f e r e n t  
channels ,  and a t  t h r e e  d i f f e r e n t  a x i a l  l o c a t i o n s .  These measurements w e r e  t aken  a t  
t h e  channel  bottom only.  There w a s  a f a c t o r  of 4 v a r i a t i o n  i n  measured roughness 
from channel  t o  channel  
F igu re  19 r e l a t e s  t h e  c o o l a n t  f l o w  r a t e  as a f u n c t i o n  of p r e s s u r e  drop 
f o r  a contour  s i d e ,  from t h e  c o o l a n t  supply t o  t h r e e  d i f f e r e n t  l o c a t i o n s ,  These 
l o c a t i o n s  a r e  i n  t h e  c o o l a n t  channel  a t  t h e  i n j e c t o r  end, a t  t h e  t h r o a t  s e c t i o n ,  and 
a t  t h e  coo lan t  d i scha rge  tube  downstream of  t h e  chamber and i t s  e x i t  manifolding.  
F igu re  20 r e l a t e s  t h e  same parameters  as  does F igu re  19, bu t  f o r  t h e  f l a t  s i d e .  
These curves  a re  used when i t  i s  d e s i r e d  t o  o b t a i n  a s p e c i f i c  coo lan t  p re s su re  wi th in  
t h e  channels  a t  a c e r t a i n  l o c a t i o n .  An example of  t h i s  would be  t h e  de t e rmina t ion  
of t h e  supply p r e s s u r e  r e q u i r e d  t o  o b t a i n  a c o o l a n t  p re s su re  a t  t h e  t h r o a t  s e c t i o n  
equal  t o  t h a t  of t h e  c7n ta ined  f r ee - s t r eam gas  p re s su re .  The fo l lowing  i s  a t a b l e  
















B ,  THERMAL ANALYSIS 
The governing assumptions of t h e  thermal  a n a l y s i s  were: 
1, Use of 100% c'k combustion e f f i c i e n c y  f o r  determining recovery 
tempera tures  
2, Use of a f a c t o r  of two t i m e s  t h e  nominal ly  c a l c u l a t e d  gas-s ide  h e a t  
t r a n s f e r  c o e f f i c i e n t  a t  t h e  i n j e c t o r  end and l i n e a r l y  vary ing  wi th  a x i a l  l eng th  t o  a 
f a c t o r  of one a t  t h e  t h r o a t  s e c t i o n ,  and remaining a t  one throughout  t h e  expansion 
reg ion ,  
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V I I I ,  B ,  Thermal Analykis  ( con t . )  
3 .  
h e a t  t r a n s f e r  c o e f f i c i e n t .  
Hines c o r r e l a t i o n  used i n  "HEAT" program f o r  nonboi l ing  c o o l a n t  
where 2 h = nonbo i l ing  h e a t  t r a n s f e r  c o e f f i c i e n t ,  B tu / in .  -sec-OF 
Twal 1 
Tsat  
= c o o l a n t  s i d e  w a l l  t empera ture ,  OR 
= l o c a l  c o o l a n t  s a t u r a t i o n  tempera ture ,  OR 
5. Coolant p r e s s u r e  schedule  chosen such t h a t  t h e  c o o l a n t  p r e s s u r e  
equa l s  t h e  gas  p r e s s u r e  a t  t h e  t h r o a t  s e c t i o n .  
( 1 )  
6. OB, = 5.1 + 0.86 - 1000 
where OB, = t h e  burnout h e a t  f l u x  
VL = t h e  l o c a l  v e l o c i t y ,  f t / s e c  
e Tsat  w a l l  T = T  
7.  The thermal c o n d u c t i v i t y  used f o r  t h e  h a f n i a  c o a t i n g  w a s  
1 ,85  x lom5 Btu/in.-sec-OF. 
c ,  NONCOATED CHAMBER 
F igure  2 1  i s  a summary of t h e  c o o l a n t  f l ow requi rements  as a f u n c t i o n  of 
i s  de f ined  as t h e  r a t i o  of RBO chamber p r e s s u r e  and f a m i l i e s  o f  t h r o a t  s e c t i o n  RBOs 
p r e d i c t e d  o p e r a t i n g  hea-t f l u x  t o  t h e  p r e d i c t e d  burnout h e a t  f l u x .  
mended o p e r a t i o n a l  R va lue  was 0 - 7 5 ,  
The maximum recom- 
BO 
(1 )  "Heat T r a n s f e r  C h a r a c t e r i s t i c s  of 98% H202 a t  High P res su re  and High Ve loc i ty , "  
Technica l  Report  AFXPL-TR-66-263, AGC Report  10785-SR-1, August 1966, 
De C ,  Rousar and N ,  E ,  Van Huff, 
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VIII, C, Noncoated Chamber (cont.) 
Figure 22 shows the throat section R as a function of coolant flow 
BO 
rate and families of chamber pressures. The coolant flow rates shown on both 
Figures 21 and 22 are for a single chamber side wall. The total chamber coolant flow 
requirement would then be twice the sum of the indicated flow for a flat and a con- 
tour chamber wall. 
Figure 23 shows the throat section gas-side wall temperature as a 
function of R and families of chamber pressure. The abrupt change in the tempera- 
ture profile for all chamber pressures in the R 
of the change from nonboiling to nucleate boiling at the coolant wall surface. 
BO 
range of 0.6 to 0.7 is indicative BO 
Figure 24 shows the throat section gas-side wall temperatures as a 
BO" 
function of chamber pressure and families of R 
De COATED CHAMBER 
Figure 25 is a summary of the coolant flow requirements as a function 
The slight saddle in the BO of chamber pressure and families of throat section R 
curves from a chamber pressure of 1500 to 2500 psia is a function of the coolant 
properties corresponding to a coolant pressure of 850 to 1400 psia. If a comparison 
of required coolant flow is made between the coated and noncoated cases (Figures 21 
and 25) for a RBO level of 0.6 at a Pc of 2500 psia, the noncoated chamber requires 
3-1/3 times the coolant flow of the chamber with a 0.002-in. hafnia coating. 
Figure 26 shows the throat section R as a function of coolant flow rate 
and families of chamber pressures. Again, the coolant f l o w  rates given on Figures 25 
and 26 are for a single wall section. Figures 25 and 26 also show that, for a given 
operation RBO level in the range of chamber pressures from 1000 psia to 2500 psia, 
the coolant flow rate is virtually constant for the coated chambers. 
BO 
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VIII, D, Coated Chamber (cont.) 
Figure 27 shows both the throat section coating gas-side wall tempera- 
tures and the coating/copper wall interface temperatures as a function of RBOe 
Figure 28 is a restatement of the information shown in Figure 26, 
giving the throat section coating, gas-side wall temperatures, and the coating/ 
copper wall interface temperatures as a function of chamber pressure and families 
of RB0* 
Page 30 
Rep0 r t  2 105 2- 3F 
IX. FABRICATION 
A,  INJECTOR ASSEMBLY 
Two i n j e c t o r s  made o u t  of Nickel  200 m a t e r i a l  were f a b r i c a t e d  dur ing  
t h i s  phase of t h e  program. The fo l lowing  i s  a d i s c u s s i o n  of t h e  f a b r i c a t i o n  proce- 
dure  used on each i n j e c t o r .  
An o r d e r  f o r  t h e  Nickel 200 s h e e t  s tock  m a t e r i a l  f o r  t h e  p l a t e l e t  w a s  
The th i cknesses  were based on t h e  pre- p laced  e a r l y  i n  Phase I11 of t h e  program. 
l iminary  design.  The need f o r  p l ac ing  t h e  o r d e r  e a r l y  was due t o  an I n t e r n a t i o n a l  
Nickel p l a n t  s t r i k e  which had been on f o r  t h r e e  months and which r e s u l t e d  i n  l i m i t i n g  
t h e  a v a i l a b l e  th i cknesses  t o  then c u r r e n t  s t o c k p i l e s ,  which were being reduced 
r ap id ly .  
was, a t  t he  t i m e ,  no t  thought t o  g r e a t l y  a f f e c t  t h e  p l a t e l e t  th ickness .  However, t h e  
h e a t  exchanger i n v e s t i g a t i o n  d i d  modify t h e  des ign  and made t h e  des ign  of t h e  i n j e c -  
t o r  p l a t e l e t s  somewhat more complicated i n  t h e  form of depth-etched s e p a r a t o r s  and 
meter ing  p l a t e l e t s  t o  g e t  t h e  proper  o r i f i c e  s i z e .  
The h e a t  exchanger des ign  i n v e s t i g a t i o n  which fo l lowed p lac ing  t h e  o r d e r  
1. Sample Assembly S tack  No. 1 
P r i o r  t o  committing t h e  SN 1 i n j e c t o r  t o  i t s  f i r s t  b raze  c y c l e ,  a 
sample assembly s t a c k  was made. The purpose of t h e  sample p l a t e l e t  assembly w a s  t o  
v e r i f y  t h e  v a l i d i t y  and s u i t a b i l i t y  of t h e  s e l e c t e d  p l a t i n g ,  assembly, and bonding 
procedures .  The f i r s t  t a s k  i n  f a b r i c a t i n g  t h e  sample  s t a c k  w a s  t h e  p l a t i n g  of b raze  
a l l o y  on a l t e r n a t e  p l a t e l e t s .  The p l a t i n g  technique  used w a s  t h e  Kanigen process  
f o r  e l e c t r o l e s s  n i c k e l  p l a t i n g .  This  i s  a p rocess  whereby t h e  p a r t  t o  be p l a t e d  i s  
submerged i n  t h e  p l a t i n g  s o l u t i o n  f o r  a s p e c i f i c  pe r iod  of t ime which i s  dependent on 
t h e  p l a t i n g  th i ckness  des i r ed .  P l a t i n g  of t h e  meter ing  p l a t e l e t s  proved unsuccessfu l  
i n  t h a t  t h e  p l a t e l e t s  were too f l i m s y  t o  wi ths t and  t h e  p l a t i n g  procedures  without  
damage. The s e p a r a t o r  p l a t e l e t s  were t h e r e f o r e  p l a t e d  i n  s u f f i c i e n t  q u a n t i t y  t o  
complete a sample assembly s t a c k  and one complete i n j e c t o r  p l u s  spares t o  permit  
d e s t r u c t i v e  t e s t i n g  f o r  de t e rmina t ion  of t h e  p l a t i n g  th i ckness  and uni formi ty .  
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The p l a t e l e t s  were assembled by a l t e r n a t i v e l y  s t a c k i n g  s e p a r a t o r  
and meter ing  p l a t e l e t s  on n i c k e l  gu ide  p i n s  which assure proper  alignment.  
f i ve  p l a t e l e t s  were used i n  t h e  sample s t a c k .  The assembly was then  bonded i n  a 
dry hydrogen atmosphere. Thermocouples were p l aced  a t  v a r i o u s  l o c a t i o n s  on t h e  
sample and l i m i t s  on t h e  fu rnace  c y c l e  were e s t a b l i s h e d  such t h a t  a maximum tempera- 
t u r e  v a r i a t i o n  of 50°F between t h e  h igh  and low reading  thermocouple was permi t ted .  
Twenty- 
The sample s t a c k  was t e s t e d  f o r  leakage  us ing  gaseous n i t rogen .  
No leakage w a s  de t ec t ed .  The sample w a s  t hen  s e c t i o n e d  a t  s e v e r a l  l o c a t i o n s  so t h a t  
any channel plugging from deformation o r  excess  b raze  a l l o y  cou ld  be  observed. 
deformation o r  plugging cou ld  be de t ec t ed .  The procedure and braze a l l o y  th i ck -  
nes ses  were t h e r e f o r e  cons ide red  a c c e p t a b l e  and t h e  assembly of  t h e  SN 1 i n j e c t o r  
was i n i t i a t e d .  
No 
2. I n j e c t o r  Assembly SN 1 
The f i r s t  i n j e c t o r  p l a t e l e t  assembly w a s  accomplished us ing  t h e  
same procedures  used f o r  t h e  sample s t a c k  us ing  t h e  i d e n t i c a l  fu rnace  c y c l e  and 
loading ,  The complete i n j e c t o r  c o n t a i n s  264 p l a t e l e t s .  P re s su re  t e s t i n g  of t h e  
p l a t e l e t  s t a c k  subassembly fo l lowing  b r a z i n g  r evea led  e x t e r n a l  leakage ,  p r i m a r i l y  
i n  t h e  o x i d i z e r  mani fo ld  area, which appeared t o  be caused by s l i g h t  s e p a r a t i o n s  
between p l a t e l e t s  which, f o r  some reason,  never  con tac t ed  each o t h e r ,  I n  areas where 
t h e  p l a t e l e t s  had been i n  c o n t a c t ,  t h e  bond appeared e x c e l l e n t .  
w a s  such t h a t  they  cou ld  be e f f e c t i v e l y  s e a l e d  on a subsequent  braze.  Assembly of 
t h e  u n i t  was t h e r e f o r e  cont inued.  
The n a t u r e  of l e a k s  
The p l a t e l e t  assembly w a s  machined f l a t  u s ing  t h e  technique  
developed i n  Phase I1 of t h i s  program and a second b raze  c y c l e  w a s  conducted t o  a t t a c h  
t h e  end p l a t e s .  
permi ts  a more q u a n t i t a t i v e  l e a k  t es t ,  During t h e  second b raze ,  t h e  e x t e r n a l  l e a k  
The end p l a t e s  a l s o  c o n t a i n  t h e  f u e l  and o x i d i z e r  mani fo ld ing  which 
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a r e a s  were covered wi th  b raze  a l l o y .  
second braze  c y c l e  r evea led  almost t o t a l  success  i n  s e a l i n g  t h e  e x t e r n a l  leakage.  
Only one minor e x t e r n a l  l e a k  s t i l l  e x i s t e d .  A s l i g h t  i n t e rman i fo ld  l eak  was observed 
when the  gaseous n i t r o g e n  p r e s s u r e  was inc reased  t o  120 p s i ,  This  l e a k  was no t  
d e t e c t a b l e  a t  30 p s i .  I t  was concluded t h a t  t h e  i n j e c t o r  assembly should con t inue  
s i n c e  t h e  in t e rman i fo ld  l e a k  was s l i g h t .  
Leak t e s t i n g  of t h e  assembly fo l lowing  t h e  
The i n j e c t o r  subassembly w a s  machined t o  accep t  t he  f l a n g e  and a 
t h i r d  braze  c y c l e  was conducted t o  a t t a c h  t h e  f l a n g e  t o  the  subassembly. The minor 
e x t e r n a l  l eak  area was coa ted  with braze  a l l o y  p r i o r  t o  t h e  t h i r d  c y c l e .  
P re s su re  t e s t i n g  fo l lowing  t h e  t h i r d  braze  c y c l e  i n d i c a t e d  t h a t  t h e  
e x t e r n a l  leakage  had been completely c o r r e c t e d ;  however, the  in t e rman i fo ld  l eak  had 
become more severe .  Work was suspended on t h e  i n j e c t o r  a t  t h i s  po in t  u n t i l  t he  SN 2 
i n j e c t o r  was s u c c e s s f u l l y  f a b r i c a t e d .  
mani fo ld  leakage on SN 2 w a s  t he  removal of t h e  o x i d i z e r  manifold s e c t i o n  so t h e  
in t e rman i fo ld  l e a k  could  be r e p a i r e d  and then  b raz ing  a new manifold cover  i n  p l ace  
as  shown i n  F igu re  29, The SN 1 i n j e c t o r  w a s  t h e r e f o r e  completed i n  t h i s  method. 
F igure  30 shows t h e  i n j e c t o r .  
The procedure used i n  r e p a i r i n g  t h e  i n t e r -  
3. I n j e c t o r  Sample S tack  No. 2 
One of t h e  major problems encountered i n  t h e  assembly of t h e  f i r s t  
i n j e c t o r  was i n  a s s e s s i n g  t h e  q u a l i t y  of t h e  e l e c t r o l e s s  n i c k e l  braze  a l l o y .  The 
primary d i f f i c u l t y  l a y  i n  t h e  f a c t  t h a t  t h e  braze  a l l o y  ( n i c k e l  p l a t e d  on n i c k e l )  
cannot  be d e t e c t e d  v i s u a l l y .  The ques t ion  a r i s e s :  i s  t h e  p l a t e l e t  a c t u a l l y  p l a t e d ?  
And i s  i t  p l a t e d  over  t h e  e n t i r e  s u r f a c e ?  On some of t h e  p l a t e l e t s  used i n  t h e  
i n j e c t o r  assembly, a v a r i a t i o n  i n  s u r f a c e  r e f l e c t i v i t y  from one a r e a  t o  t h e  o t h e r  
w a s  observed which cou ld  be an i n d i c a t i o n  t h a t  a p o r t i o n  of t h a t  p l a t e l e t  had no t  
accepted  the  p l a t i n g .  I f  t h i s  were t h e  c a s e ,  i t  cou ld  account  f o r  t h e  leakage 
exper ienced  on t h e  f i r s t  i n j e c t o r ,  The method f o r  overcoming t h i s  d i f f i c u l t y  was t o  
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f l a s h  a t h i n  c o a t i n g  of copper  on t h e  p l a t e l e t s  p r i o r  t o  n i c k e l  p l a t i n g .  This 
pe rmi t t ed  ready  q u a l i t a t i v e  i n s p e c t i o n  of t h e  p l a t e l e t s  a f t e r  n i c k e l  p l a t i n g  s i n c e ,  
anywhere copper shows, t h e  p l a t e l e t  has  c l e a r l y  n o t  been n i c k e l  p l a t e d .  
A sample assembly u s i n g  t h i s  t echn ique  w a s  f a b r i c a t e d  t o  v e r i f y  
t h a t  t h e r e  were no u n a n t i c i p a t e d  m e t a l l u r g i c a l  p e c u l i a r i t i e s  t h a t  would i n f l u e n c e  
t h e  bond, The s e p a r a t o r  p l a t e l e t s  were f l a s h e d  wi th  a maximum of O.OOOOl-in.-thick 
copper and d e l i v e r e d  t o  t h e  p l a t e r  f o r  n i c k e l  p l a t i n g .  The p l a t e l e t s  were v i s u a l l y  
i n s p e c t e d  fo l lowing  n i c k e l  p l a t i n g .  The q u a l i t y  appeared b e t t e r  t han  those  p l a t e d  
u s i n g  t h e  v i r g i n  n i c k e l  p l a t e l e t s ,  F i g u r e  31 i s  a m e t a l l u r g i c a l  photograph showing 
t h e  uniform t h i c k n e s s  of t h e  p l a t i n g  and t h e  copper f l a s h .  The sample, c o n s i s t i n g  
of 11 p l a t e l e t s  s t a c k e d  i n  an i d e n t i c a l  sequence t o  t h a t  used i n  t h e  i n j e c t o r ,  w a s  
t hen  s e c t i o n e d  t o  check f o r  b r a z e  a l l o y  plugging. No plugging w a s  observed. Samples 
were then  prepared  f o r  m e t a l l u r g i c a l  examination of t h e  bond q u a l i t y .  F igu re  32 
shows t h e  e x c e l l e n t  bond q u a l i t y  between the p l a t e l e t s .  
t h e r e f o r e  s e l e c t e d  f o r  use  i n  f a b r i c a t i n g  i n j e c t o r  SN 2. 
This  p l a t i n g  technique  w a s  
4,  I n j e c t o r  Assembly SN 2 
A thermal a n a l y s i s  of t h e  f u r n a c e  c y c l e  used  t o  bond t h e  S N  1 
p l a t e l e t  assembly w a s  performed p r i o r  t o  a t t empt ing  t h e  SN 2 p l a t e l e t  assembly b raze .  
It  w a s  p o s t u l a t e d  t h a t  perhaps t h e  f u r n a c e  h e a t  c y c l e  (3.5 t o  4 h r  from room tem- 
p e r a t u r e  t o  b r a z e )  was  too  r a p i d ,  t hus  r e s u l t i n g  i n  l a r g e  thermal g r a d i e n t s  o r  
inadequate  c e n t e r  tempera tures  caus ing  poor b r a z i n g  q u a l i t y .  
A s i m p l i f i e d  a n a l y s i s  w a s  run  on t h e  b raze  assembly. The fo l lowing  
assumptions w e r e  used: 
(1) Thermal r a d i a t i o n  w a s  neg lec t ed .  
( 2 )  F r e e  convec t ion  from t h e  H 2  i s  t h e  on ly  mode of 
h e a t  t r a n s f e r  t o  t h e  p a r t ,  
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( 3 )  The boundary tempera ture  ( i e e e 9  t h e  hydrogen 
( 4 )  Thermal p r o p e r t i e s  of t h e  p a r t  are  cons t an t .  
(5 )  The p a r t  i s  homogeneous ( i . e e ,  vo ids  due t o  
tempera ture)  i s  cons t an t .  
e t c h i n g  were neg lec t ed ) .  
The r e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e d  maximum thermal g r a d i e n t s  of approximately 
18°F/ in . ,  which does n o t  appear  excess ive .  However, t h e  void  spaces  due t o  e t ch ing  
w i l l  lower t h e  e f f e c t i v e  thermal c o n d u c t i v i t y  and uneven h e a t i n g  due t o  p a r t  con- 
f i g u r a t i o n  cou ld  cause s u b s t a n t i a l l y  h ighe r  thermal g r a d i e n t s  w i th in  t h e  p a r t .  The 
fu rnace  h e a t i n g  c y c l e  was t h e r e f o r e  extended t o  e i g h t  hours.  I n  a d d i t i o n ,  t h e  
furnace  w a s  coo led  p r i o r  t o  p l ac ing  over  t h e  r e t o r t  t o  e l i m i n a t e  high i n i t i a l  
temperature  g r a d i e n t s .  
P re s su re  t e s t i n g  of t h e  p l a t e l e t  assembly a f t e r  bonding r evea led  
leakage  s u b s t a n t i a l l y  i d e n t i c a l  t o  t h a t  p rev ious ly  observed i n  SN 1 i n j e c t o r .  The 
leakage  was both  e x t e r n a l  and in t e rman i fo ld  and w a s  concen t r a t ed  i n  t h e  top  ( o x i d i z e r  
mani fo ld)  a rea .  It appeared t h a t  t h e  p l a t e l e t s  had no t  con tac t ed  i n  spo t s .  It was 
con jec tu red  t h a t  t h e  dead weight loading  used  was n o t  s u f f i c i e n t  t o  f o r c e  t h e  p l a t e -  
l e t s  i n t o  complete c o n t a c t .  Two hundred f i f t y  pounds of weight was used,  which was 
the  maximum a v a i l a b l e ,  This  amounts t o  8 p s i  loading  because o f  t h e  l a r g e  p l a t e l e t  
s i z e .  This  l oad ing  i s  somewhat l e s s  than  i s  o r d i n a r i l y  used f o r  bonding p l a t e l e t  
i n j e c t o r s  e 
The p l a t e l e t  assembly w a s  r ecyc led  through t h e  ALRC d i f f u s i o n  
This  fu rnace  i s  capab le  of apply ing  a much h igher  load.  The bonding furnace .  
fu rnace  employs an e x t e r n a l l y  loaded ram i n  l i e u  of t h e  dead weight system. Twenty- 
f o u r  hundred e i g h t y  pounds of l oad  w a s  a p p l i e d  t o  t h e  p a r t  dur ing  t h i s  r ecyc le .  
Subsequent p r e s s u r e  t e s t i n g  i n d i c a t e d  no change i n  t h e  leakage  c h a r a c t e r i s t i c s  
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The p l a t e l e t  assembly w a s  then  machined a s  shown i n  F igu re  29 t o  
remove t h e  o x i d i z e r  mani fo ld  s e c t i o n  and permi t  access t o  t h e  p l a t e l e t s  f o r  r e p a i r  
of t h e  i n t e r m a n i f o l d  l eak ,  P r e s s u r i z i n g  t h e  f u e l  mani fo ld  w i t h  t h e  o x i d i z e r  
p l a t e l e t  passages  exposed r e v e a l e d  a s m a l l  l e a k  which w a s  r e p a i r e d  by a subsequent 
b raze  cyc le .  A new m o n o l i t h i c  o x i d i z e r  mani fo ld  w a s  c o n s t r u c t e d  from n i c k e l  and 
bonded i n  place a s  shown i n  F igu re  29. P r e s s u r e  checking fo l lowing  t h e s e  r e p a i r  
procedures r e v e a l e d  a l e a k - f r e e  u n i t .  F a b r i c a t i o n  of t h e  assembly w a s  t hen  completed 
by machining t h e  i n j e c t o r  f a c e  i n t o  t h e  t r a n s v e r s e  b a f f l e  c o n f i g u r a t i o n  s e l e c t e d  from 
Phase I1 t e s t i n g ,  
B 0 WATER-COOLED CHAMBER 
Three water-cooled copper i n s e r t s  and two s t a i n l e s s  s tee l  housings were 
f a b r i c a t e d .  Two complete chambers (copper i n s e r t  and s t a i n l e s s  s teel  hous ing)  
were o r i g i n a l l y  t o  be f a b r i c a t e d .  However, w i th  t h e  advent of an OFHC m a t e r i a l  
problem, a t h i r d  i n s e r t  w a s  f a b r i c a t e d  as a backup. A l l  t h r e e  copper i n s e r t s  were 
used dur ing  t h e  t e s t  program, 
Sample exper iments  w e r e  conducted p r i o r  t o  t h e  f i r s t  b r a z i n g  c y c l e  of 
t h e  water-cooled chamber. The experiments were t o  v e r i f y  t h e  a c c e p t a b l e  b raze  
f i l l e r  meta l  t h i c k n e s s e s  f o r  a s a t i s f a c t o r y  bond a t  t h e  i n t e r f a c e  of t h e  chamber 
l i n e r  g a s - s i d e  cover  p l a t e  and chamber l i n e r  passage p l a t e  wi thout  f l o o d i n g  of t h e  
water  passage wi th  b r a z e  a l l o y ,  Based on t h e  sample  experiment,  i t  w a s  determined 
t h a t  a b raze  f i l l e r  me ta l  t h i c k n e s s  ranging  from 0.001 t o  0.003 i n .  would provide  
good bonding wi thout  f l o o d i n g  t h e  passages.  
Upon completion of  t h e  SN 1 water -cooled  chamber and subsequent hydro- 
t e s t i n g ,  numerous s m a l l  l e a k s  were d i scove red  i n  t h e  copper m a t e r i a l  a t  t h e  
in jec tor - to-chamber  i n t e r f a c e ;  t h e  l e a k s  were a t t r i b u t e d  t o  hydrogen embr i t t l ement  
of  t h e  copper  material ,  The chamber m a t e r i a l  purchased w a s  c e r t i f i e d  t o  be OFHC 
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coppery which i s  n o t  s u b j e c t  t o  hydrogen embri t t lement .  A subsequent i n v e s t i g a t i o n  
by A e r o j e t  and American Brass and Copper Company (who s u p p l i e d  t h e  m a t e r i a l )  e s t a b -  
l i s h e d  t h a t  a l a r g e  p o r t i o n  of  t h e  copper mater ia l  was e x t r a  tough p i t c h  copper 
and n o t  oxygen f ree .  
exper ienced  w i t h  t h e  f i r s t  chamber and i t s  subsequent l e a k i n g  through t h e  copper 
mat e r i  a1 
This  would have r e s u l t e d  i n  t h e  hydrogen embri t t lement  
To prec lude  u s i n g  contaminated o r  commercial copper aga in ,  a procedure 
w a s  developed t o  check t h e  OFHC copper. F i r s t ,  a skim c u t  (0.050 t o  0.060 i n . )  was 
made on a l l  s u r f a c e s  of t h e  copper s tock .  This  skim c u t  removed any contaminants  
( o x i d e s )  p r e s e n t  on t h e  s u r f a c e  which could  contaminate  t h e  copper f u r t h e r  by pene- 
t r a t i n g  t h e  m a t e r i a l  dur ing  t h e  hydrogen braze  c y c l e .  Second, t h e  m a t e r i a l  was 
measured and t h e n  put  through a hydrogen braze  c y c l e .  If  any m a t e r i a l  growth o r  
s u r f a c e  b l i s t e r i n g  had been e v i d e n t ,  t h e  m a t e r i a l  would be  discarded.  Subsequent 
m a t e r i a l  showed no evidence of  b l i s t e r i n g  o r  growth, a s  a smal l  sample from each 
p i e c e  of material  s t o c k  was c u t  o f f ,  e tched,  and then  m i c r o s c o p i c a l l y  examined f o r  
vo ids .  The l a t t e r  i s  t h e  method used  by t h e  m i l l s  t o  determine t h e  q u a l i t y  of  t h e  
copper ,  This  procedure ensured  t h e  q u a l i t y  of t h e  OFHC copper f o r  t h e  SN 3 chamber, 
Addi t iona l  f l o w  t e s t i n g  of t h e  f i r s t  chamber r e v e a l e d  t h e  p r e s s u r e  drop 
t o  be  s u b s t a n t i a l l y  h i g h e r  t h a n  t h a t  p r e d i c t e d  by t h e  d e s i g n  c a l c u l a t i o n s .  A t  t h e  
t i m e  of d i scovery  of t h e  o u t - o f - s p e c i f i c a t i o n  copper ,  t h e  SN 2 water-cooled chamber 
was 60% complete.  When t h e  h igh  p r e s s u r e  drops were uncovered, a d e c i s i o n  was made 
t o  complete t h e  SN 2 chamber t o  a s t a g e  where f l o w  t e s t i n g  c o u l d  be conducted t o  
i n v e s t i g a t e  t h e  p r e s s u r e  drop of t h e  chamber. A vacuum braze  c y c l e  looked promising 
t o  circumvent t h e  hydrogen embr i t t l ement  problem, b u t  a d d i t i o n a l  i n v e s t i g a t i o n  w i t h  
copper  b r a z i n g  e x p e r t s  a t  S t a n f o r d  Research Center  and experiments showed t h a t  a 
vacuum b r a z e  c y c l e  w i t h  contaminated copper would r e s u l t  i n  a worse p a r t  than  i f  a 
hydrogen b r a z e  c y c l e  w a s  used. Thus, t h e  SN 2 chamber w a s  b razed  i n  hydrogen 
s i m i l a r l y  t o  t h e  f i r s t  chamber, 
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Flow t e s t i n g  r e s u l t s  w i t h  t h e  SN 2 chamber were e s s e n t i a l l y  t h e  same as 
The i n j e c t o r  f o r  t h e  SN 1 chamber - - subs t an t i a l ly  h i g h e r  than  t h e  des ign  p red ic t ed .  
end of t h e  one f l a t  s i d e  of t h e  chamber w a s  then  machined o f f  so  t h e  channel c o u l d  
be v i s u a l l y  observed, and t h e  channels  were found t o  be  p a r t i a l l y  plugged wi th  
Stop-Off. Stop-Off i s  a m a t e r i a l  des igned  f o r  f u r n a c e  use  and a c t s  as a b a r r i e r  t o  
molten b r a z i n g  f i l l e r  m e t a l s  by p reven t ing  c a p i l l a r y  a c t i o n .  Stop-Off was used  i n  
t h e  channels  dur ing  t h e  f i r s t  b raze  c y c l e  t o  prec lude  any b r a z e  a l l o y  plugging t h e  
channels .  Normally, a 10 t o  15% hydroch lo r i c  a c i d  s o l u t i o n  w i l l  comple te ly  remove 
t h e  Stop-Off w i t h  no e f f e c t  on t h e  copper ;  however, i n  t h i s  c a s e ,  no th ing  was found 
which would remove t h e  Stop-Off. 
Corp.) had n o t  exper ienced  t h i s  problem b e f o r e  and c o u l d  no t  sugges t  any removal 
procedure o t h e r  than  ones a l r e a d y  t r i e d .  
The manufac tu re r s  o f  t h e  Stop-Off (Wall Colmonoy 
To sa lvage  t h e  SN 2 chamber, 0.200 i n .  of t h e  i n j e c t o r  end of t h e  chamber 
w a s  machined o f f  and t h e  Stop-Off removed by rodding o u t  t h e  channels ,  
p i e c e  was l a t e r  brazed  i n  p l a c e  t o  form t h e  i n j e c t o r  end c l o s u r e .  
A copper 
The rework of t h e  SN 1 chamber involved  machining o f f  0.200 i n .  from 
both  t h e  i n j e c t o r  and nozz le  end of t h e  chamber t o  a l l o w  access  t o  t h e  c o o l a n t  
channels .  
cause  of pluggage w a s  d i scove red  t o  be b r a z i n g  a l l o y  and n o t  Stop-Off a s  w a s  t h e  case 
i n  t h e  SN 2 water -cooled  chamber. With b o t h  ends o f f  t h e  chamber, a l l  channels  c o u l d  
be  opened up. 
c l o s u r e s  f o r  t h e  channels .  
p r e s s u r e  drop than  c a l c u l a t e d  due t o  some remaining a l l o y  i n  t h e  channe l s  b u t  
l e a k t i g h t  o the rwise .  
Th i s  chamber w a s  o r i g i n a l l y  b razed  w i t h  0,003 in .  f o i l  and t h e  primary 
A copper  p i e c e  was then  b razed  i n  p l a c e  on each end t o  form t h e  end 
Flow t e s t i n g  showed t h e  chamber t o  have a s l i g h t l y  h i g h e r  
The SN 3 chamber, made wi th  copper  v e r i f i e d  t o  be  OFHC, w a s  s u c c e s s f u l l y  
completed w i t h  no rework r e q u i r e d ,  
d i f f e r e n t  t ype  Stop-Off which was e a s i l y  removed from t h e  channels..  
showed t h e  chamber t o  be l e a k t i g h t  and t h e  p r e s s u r e  drop t o  be c l o s e  t o  t h e  p r e d i c t e d  
p r e s s u r e  drop as  shown i n  F i g u r e  18, 
It w a s  brazed  wi th  0,002 i n .  f o i l  and u s i n g  a 
Flow t e s t i n g  
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I n  a d d i t i o n  t o  t h e  water-cooled chambers, one uncooled chamber w a s  
f a b r i c a t e d .  
c o n f i g u r a t i o n  as t h e  cooled  chamber and w a s  designed t o  use  t h e  Phase I1 s t a i n l e s s  
s t e e l  housing. 
The uncooled chamber c o n s i s t e d  of a copper  i n s e r t  wi th  t h e  same i n t e r n a l  
C, NOZZLE EXTENSION 
For t e s t i n g  above t h e  500 p s i a  Pc l e v e l ,  a nozz le  ex tens ion  was designed,  
The ex tens ion  provided a sha rp  edge t o  prevent  a t tachment  of gases  t o  t h e  back of 
t h e  water-cooled chamber a t  t h e  h ighe r  p r e s s u r e  tests.  The ex tens ion  inc reased  t h e  
e x i t  r a t i o  from 2.07:l  t o  3.70:l .  It c o n s i s t e d  of an o u t s i d e  s t e e l  housing wi th  
phenol ic  i n s e r t s  which were r ep laceab le .  F igu re  33 shows t h e  nozz le  ex tens ion .  
D. HEAT EXCHANGER SAMPLES 
Each sample c o n s i s t e d  of twelve o x i d i z e r  p l a t e l e t s  and twelve f u e l  
p l a t e l e t s  assembled a l t e r n a t e l y  on top  of one another .  
f o r  f lowing  t h e  LN2 and GH2. 
and end p l a t e s  w e r e  b razed  a t  t h e  same t i m e .  A l l  u n i t s  were l e a k  t i g h t .  F ive  
samples were f a b r i c a t e d  and machined t o  t h e  c o n f i g u r a t i o n  as shown i n  F igu re  34. 
One end p l a t e  had f i t t i n g s  
The o t h e r  end p l a t e  w a s  a blank. The p l a t e l e t  s t a c k  
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A,  HEAT EXCHANGER EVALUATION 
1, Phase I1 I n j e c t o r  Heat Exchanger 
An i n v e s t i g a t i o n  of t h e  Phase I1 i n j e c t o r  h e a t  exchanger performance 
was conducted by f lowing  l i q u i d  n i t r o g e n  through t h e  l i q u i d  o x i d i z e r  c i r c u i t  and then  
f lowing  gaseous hydrogen through t h e  f u e l  c i r c u i t  i n  i n c r e a s i n g  q u a n t i t i e s  u n t i l  t h e  
l i q u i d  n i t r o g e n  w a s  demonstrated t o  be comple te ly  vapor ized  by v i s u a l  and photo- 
g raph ic  observa t ion .  The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  determine whether 
improvements i n  t h e  h e a t  exchanger des ign  w e r e  needed. 
A thermal a n a l y s i s  w a s  conducted i n  o r d e r  t o  determine c o n d i t i o n s  
f o r  t h e  l i q u i d  n i t rogen/gaseous  hydrogen f low tes ts  of  t h e  Phase I1 i n j e c t o r  h e a t  
exchanger. S ince  l o c a l  channel  tempera ture  measurements were d i f f i c u l t  t o  make, 
i t  was determined t h a t  t h e  method of v e r i f i c a t i o n  of t h e  h e a t  exchanger performance 
should be v i s u a l  conf i rma t ion  by photographing t h e  e x i t  q u a l i t y  of t h e  n i t r o g e n  
a f t e r  i t  passed  through t h e  i n j e c t o r .  
through t h e  i n j e c t o r  and va ry ing  t h e  amount of gaseous hydrogen a t  t h e  i n j e c t o r  
i n l e t ,  i t  w a s  p o s s i b l e  t o  q u a l i t a t i v e l y  determine t h e  n i t r o g e n  q u a l i t y  a s  a f u n c t i o n  
of mixture  r a t i o  and t o  n o t e  t h e  un i fo rmi ty  of q u a l i t y  a c r o s s  t h e  i n j e c t o r  f a c e .  
By ma in ta in ing  a f i x e d  l i q u i d  n i t r o g e n  f low 
The o b j e c t i v e  of t h e  a n a l y t i c a l  e f f o r t  w a s  t o  determine i n l e t  f l o w  
rates,  tempera tures ,  and p r e s s u r e s  which y i e l d  t h e  d e s i r e d  n i t r o g e n  q u a l i t i e s .  The 
obse rva t ions  made w e r e  s u b j e c t i v e ,  s i n c e  i t  w a s  d i f f i c u l t  t o  estimate q u a l i t y  l e v e l s  
i n  t h e  two-phase reg ion ,  The model used t o  make t h e  n i t r o g e n  q u a l i t y  p r e d i c t i o n  w a s  
e s s e n t i a l l y  t h e  same as t h a t  used t o  p r e d i c t  i n j e c t o r  c o n d i t i o n s  i n  t h e  Phase I1 
work 
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Two e q u i v a l e n t  t h r u s t  l e v e l s  were s e l e c t e d  f o r  e v a l u a t i o n  f o r  b o t h  
t h e  f i n e -  and c o a r s e - p a t t e r n  i n j e c t o r s ,  One t h r u s t  l e v e l  s e l e c t e d  w a s  12% of r a t e d  
t h r u s t  (Pc = 200 p s i a )  and t h e  o t h e r  t h r u s t  l e v e l  s e l e c t e d  w a s  3% of r a t e d  t h r u s t  
(Pc = 50 p s i a ) .  
s t a y  wel l  below t h e  c r i t i c a l  p r e s s u r e  of n i t r o g e n  (492 p s i a )  o r  t h e  n i t r o g e n  
q u a l i t y  becomes meaningless.  
The lower t h r u s t  l e v e l s  were p icked  because i t  w a s  necessa ry  t o  
The e q u i v a l e n t  N 2  weight f l o w  f o r  p r e s s u r e  drop s imula t ion  was c a l -  
c u l a t e d  by m u l t i p l y i n g  t h e  oxygen f low r a t e  a t  t h e  t h r u s t  l e v e l  t e s t e d  by t h e  r a t i o  
of t h e  square  r o o t s  of t h e  s p e c i f i c  g r a v i t y  of l i q u i d  n i t r o g e n  a t  150°R and l i q u i d  
oxygen a t  200°R. 
O r i f i c e  s i z i n g  r e q u i r e d  t o  ma in ta in  chamber p r e s s u r e  s imula t ion  w a s  
determined by c a l c u l a t i n g  t h e  mean tempera ture  of t h e  nitrogen-hydrogen mix tu re  
f lowing  o u t  of t h e  i n j e c t o r  and then  u s i n g  th i s ,  t o g e t h e r  w i th  t h e  d e s i r e d  f low r a t e ,  
p r e s s u r e ,  and chamber d iameter ,  a f l o w  Mach number was c a l c u l a t e d .  The Mach number 
was used t o  c a l c u l a t e  t h e  r e q u i r e d  t h r o a t  a r e a .  
Two d i f f i c u l t i e s  became appa ren t  du r ing  t h e  i n i t i a l  checkout tes ts  
of t h e  se tup .  F i r s t ,  t h e  v i e w  was o b s t r u c t e d  by t h e  format ion  of f r o s t  on t h e  
o u t e r  s u r f a c e  of t h e  t r a n s p a r e n t  a c r y l i c  chamber. Second, t h e  a c r y l i c  chamber tube  
c o n t r a c t e d  when LN2 w a s  i n t roduced ,  r e s u l t i n g  i n  a l e a k  between t h e  t r a n s p a r e n t  
chamber and t h e  i n j e c t o r .  This  leakage  a l s o  obscured v i s u a l  o b s e r v a t i o n  and pre-  
ven ted  a t t a i n i n g  t h e  d e s i r e d  chamber p re s su res .  P a r t i a l  c o r r e c t i o n  w a s  ach ieved  by 
s p r i n g  load ing  t h e  s t u d s  a f f e c t i n g  t h e  chamber s e a l .  The hardware was f u r t h e r  
modi f ied  t o  improve t h e  s e a l i n g  s u r f a c e s ,  and ano the r  c o n c e n t r i c  t r a n s p a r e n t  j a c k e t  
w a s  added around t h e  o r i g i n a l  t r a n s p a r e n t  chamber. Th i s  formed an annulus which was 
purged wi th  GN2 dur ing  t e s t i n g  t o  prevent  accumulation of f r o s t .  
i l l u s t r a t e s  t h e  modi f ied  f i x t u r e  wi th  t h e  b a f f l e d  f i n e - p a t t e r n  Phase I1 i n j e c t o r  
i n  p l ace  and F i g u r e  36 shows t h e  c o a r s e - p a t t e r n  Phase I1 i n j e c t o r  s e t  up on t h e  
s t a n d  wi th  t h e  f i x t u r e  i n  p l a c e  ready f o r  t e s t i n g .  
F igu re  35 
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The c o l d  f low tests were run  a t  a maximum e q u i v a l e n t  t h r u s t  of 
12% of t h e  r a t e d  t h r u s t ,  l i m i t e d  by t h e  lower c r i t i c a l  p r e s s u r e  of n i t r o g e n  and 
by t h e  s t r e n g t h  of t h e  a c r y l i c  tube  chamber material .  Liquid n i t r o g e n  a t  approxi-  
mate ly  160°R and gaseous hydrogen a t  approximately 550°R w e r e  i n j e c t e d  us ing  both  
t h e  double b a f f l e d  f i n e - p a t t e r n  i n j e c t o r  and t h e  f l a t - f a c e  c o a r s e - p a t t e r n  i n j e c t o r ,  
I n i t i a l l y ,  h igh  speed motion p i c t u r e s  w e r e  t aken ,  b u t  t h e s e  were 
A l l  movies w e r e  t aken  us ing  g e n e r a l l y  u n s a t i s f a c t o r y  due t o  inadequate  l i g h t i n g .  
t h e  doub le -ba f f l e  f i n e - p a t t e r n  i n j e c t o r .  A t  t h e  t ime when t h e  f l a t - f a c e  coarse-  
p a t t e r n  i n j e c t o r  w a s  be ing  s e t  up f o r  f low t e s t i n g ,  a change w a s  made t o  permi t  
s t i l l  type  photographic  coverage. 
The t e s t  procedure u l t i m a t e l y  developed was t o  run t h e  l i q u i d  
n i t r o g e n  f o r  approximately 30 s e c  i n  o r d e r  t o  cool  down t h e  hardware ( t o  minimize 
h e a t  t r a n s f e r  due t o  i n j e c t o r  s t o r e d  h e a t ) ,  t hen  admit ambient temperature  hydrogen 
t o  t h e  i n j e c t o r  and run  f o r  approximately 15 sec u n t i l  a s t eady  q u a l i t y  l e v e l  w a s  
observed on t h e  TV monitor ,  a t  which t i m e  a Po la ro id  s t i l l  photograph was  taken. 
Upon v e r i f i c a t i o n  of t h e  d e s i r e d  c o n d i t i o n  be ing  achieved by looking  a t  t h e  Po la ro id  
photograph, a permanent n e g a t i v e  f i l m  would then  be i n s e r t e d  i n t o  t h e  camera and a 
d u p l i c a t e  t e s t  run  made and photographed. 
Visua l  obse rva t ion  of t h e  tes ts  i n d i c a t e d  two s i t u a t i o n s  which are  
b e l i e v e d  t o  be  t h e  major  cause  of t h e  performance l o s s  experienced i n  Phase 11, 
The f i r s t  w a s  t h a t  t h e  h e a t  exchange w a s  n o t  uniform. This i s  a t t r i b u t e d  t o  nonuni- 
form h e a t  exchange s u r f a c e  i n  t h e  i n j e c t o r  mani fo ld  area, 
h e a t  exchanger has i n s u f f i c i e n t  s u r f a c e  a r e a ,  This i s  a t t r i b u t e d  t o  a poor 
assumption of  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  b o i l i n g  p o r t i o n  of t h e  h e a t  
exchanger. The performance l o s s  r e s u l t i n g  from t h e  h e a t  exchange inadequacy a r i s e s  
because of t h e  l a r g e  mass and mix tu re  r a t i o  m a l d i s t r i b u t i o n  poss ib l e .  
The second was t h a t  t h e  
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F igu re  37 shows t h e  t e s t  r e s u l t s  w i th  t h e  f l a t - f a c e  c o a r s e - p a t t e r n  
i n j e c t o r  going from l i q u i d  ( A )  t o  very  few drops ( D ) .  The l e v e l  a t  which t h e  
computer program p r e d i c t e d  complete v a p o r i z a t i o n  was c o n d i t i o n  (B) of t h e  f i g u r e .  
The unevenness of t h e  h e a t  exchange can e a s i l y  be  seen  i n  cond i t ion  ( B )  of t h e  
f i g u r e ,  
m a l  d i  s t r i b u t i o n .  
Note t h e  co re  of drops i n  t h e  c e n t e r  of t h e  i n j e c t o r ,  i n d i c a t i n g  t h e  
Complete v a p o r i z a t i o n  of t h e  o x i d i z e r  i n  t h e  hea t  exchanger i s  
a c t u a l l y  no t  v i t a l  t o  t h e  concept  o p e r a t i o n  i n  i t s e l f .  A s m a l l  amount of o x i d i z e r  
i n j e c t e d  a s  a l i q u i d  w i l l  have an i n s i g n i f i c a n t  e f f e c t  on performance and a substan-  
t i a l l y  c o n s t a n t  
The importance l i e s  i n  ma in ta in ing  uniform f low d i s t r i b u t i o n .  
h e a t  exchange which might be caused by s l i g h t  i r r e g u l a r i t i e s  i n  f low o r  h e a t  exchanger 
s u r f a c e  can be ampl i f i ed  i n t o  major imbalances.  
manner: assume a g iven  channel  r ece ives  s l i g h t l y  more h e a t ;  t h e  o x i d i z e r  i s  then  
more completely vapor ized  i n  t h a t  channel ,  which i n c r e a s e s  t h e  p re s su re  drop,  t hus  
caus ing  l e s s  o x i d i z e r  t o  f low i n  t h a t  channel  and more i n  a channel r e c e i v i n g  less 
hea t .  The c y c l e  i s  r e p e t i t i v e  u n t i l  a s t a t e  of ba lance  i s  achieved. 
Po/Pc r e l a t i o n s h i p  over  t h e  t h r o t t l i n g  range can s t i l l  be main ta ined ,  
S l i g h t  imbalances i n  
This  comes about  i n  t h e  fo l lowing  
Based on t h e s e  r e s u l t s ,  f o u r  improved h e a t  exchanger des igns  were 
t e s t e d  i n  t h i s  same appa ra tus  and t h e  b e s t  one w a s  s e l e c t e d  f o r  i nco rpora t ion  i n t o  
t h e  Phase I11 i n j e c t o r ,  
2, Sample Heat Exchangers 
The purpose of t h e s e  t e s t s  was t o  e s t a b l i s h  t h e  b e s t  hea t  exchanger 
o u t  of f o u r  new des igns .  F ive  h e a t  exchanger samples were a c t u a l l y  f low t e s t e d  wi th  
one sample be ing  s imi l a r  t o  t h e  Phase I1 des ign  and used f o r  a b a s e l i n e  comparison. 
The samples were flowed wi th  l i q u i d  n i t r o g e n  and gaseous hydrogen i n  t h e  same manner 
a s  t h e  Phase I1 i n j e c t o r s .  F igu re  38 shows a sample s e t u p  f o r  t e s t i n g ,  A s e t  r a t e  
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of l i q u i d  n i t r o g e n  would be  f lowing through t h e  sample and then  gaseous hydrogen i n  
i n c r e a s i n g  q u a n t i t i e s  would be f lowed u n t i l  t h e  q u a l i t y  d e s i r e d  w a s  observed v i s u a l l y .  
Photographs were taken  a t  s e l e c t e d  p o i n t s  so a comparison cou ld  be  
made between t h e  va r ious  designs.  F igu re  39 shows t h e  comparison of t h e  samples a t  
a 6 = 0.025 l b l s e c  and $ = 0.33 l b / s e c .  
des igns  (111, I V  and V of F igu re  14)  proved t o  be  b e t t e r  than  t h e  Phase I1 i n j e c t o r  
des ign  ( I  of F igu re  14) ,  The remaining des ign  ( I 1  of F igu re  14)  w a s  s imi l a r  i n  h e a t  
exchanger performance t o  t h e  Phase I1 design.  Of t h e  t h r e e  c o n f i g u r a t i o n s  t h a t  w e r e  
b e t t e r  t han  t h e  Phase I1 des ign  c o n f i g u r a t i o n ,  one proved s i g n i f i c a n t l y  b e t t e r  t han  
t h e  o t h e r  two and had cons ide rab ly  l e s s  p r e s s u r e  drop. 
s e l e c t e d  f o r  u se  i n  t h e  Phase I11 n i c k e l  i n j e c t o r .  
Three of t h e  f o u r  new h e a t  exchanger H N 
On t h i s  b a s i s ,  i t  w a s  
B e  MASS DISTRIBUTION 
1, Phase I1 I n j e c t o r s  
These tes ts  were d i r e c t e d  toward o b t a i n i n g  a d d i t i o n a l  mass d i s t r i -  
b u t i o n  d a t a  i n  an e f f o r t  t o  e x p l a i n  t h e  unexpected low performance ob ta ined  when 
t h e s e  i n j e c t o r s  were t e s t e d  a t  low chamber p r e s s u r e s  and nominal mix tu re  r a t i o .  The 
tes ts  c o n s i s t e d  of f lowing  water  through t h e  i n j e c t o r  and s y s t e m a t i c a l l y  c o l l e c t i n g  
t h e  f l u i d  f o r  vo lumetr ic  measurement, 
f i x t u r e ,  The d a t a  w e r e  t hen  p l o t t e d  t o  map t h e  i n j e c t o r  m a s s  and mixture  r a t i o  
d i s t r i b u t i o n .  This  
provided a r easonab le  i n d i c a t o r  of f l ow d i s t r i b u t i o n  f o r  t h e s e  t e s t s .  
F i g u r e  40 shows t h e  m a s s  d i s t r i b u t i o n  tes t  
Each c i r c u i t  was t e s t e d  i n d i v i d u a l l y  a t  4 l b / s e c  H 2 0  f lows 
The tes ts  were conducted on both  t h e  b a f f l e d  f i n e - p a t t e r n  and f l a t -  
Data on t h e  b a f f l e d  f a c e  c o a r s e - p a t t e r n  i n j e c t o r s  used dur ing  t h e  Phase I1 program, 
f i n e - p a t t e r n  i n j e c t o r  w e r e  i nconc lus ive  because t h e  w a t e r  adhered t o  t h e  b a f f l e  w a l l ,  
t hus  caus ing  an  apparent  low mass d i s t r i b u t i o n  i n  t h a t  v i c i n i t y  and an unusual ly  
h igh  m a s s  d i s t r i b u t i o n  a t  t h e  b a f f l e  t i p .  
e f f e c t  and has  been observed on previous  HIPERTHIM i n j e c t o r s r .  
Th i s  phenomenon i s  known as t h e  Coanda 
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The r e s u l t s  of  t h e  f low d i s t r i b u t i o n  f o r  t h e  Phase I1 f l a t - f a c e  
c o a r s e - p a t t e r n  i n j e c t o r s  are  shown i n  F igures  41 and 42 f o r  t h e  f u e l  and o x i d i z e r  
systems, r e s p e c t i v e l y .  S i n c e  t h e  f l o w  tes t s  are  conducted wi thout  i n t e r e l e m e n t  
h e a t  t r a n s f e r ,  t h e  o x i d i z e r  system must b e  e v a l u a t e d  c a u t i o u s l y .  R e f e r r i n g  f i r s t  t o  
t h e  f u e l  (F igure  41),  t h e  water f l o w  i s  d e p i c t e d  over  t h e  e n t i r e  face of t h e  
i n j e c t o r .  The f low outboard  of t h e  i n j e c t o r  f a c e  square  i s  i n d i c a t i v e  of p e r i p h e r a l  
spray  g a t h e r e d  by t h e  c o l l e c t o r ,  The f i v e  rows a r e  p r e s e n t e d  a s  o v e r l a y s  t o  d e f i n e  
t h e  two-dimensional f l o w  p r o f i l e .  
t e r i s t ics  except  f o r  row A and s t a t i o n  1 of row B. The f low i n  row A i s  i n d i c a t i v e  
of t h e  f r o n t  edge of t h e  i n j e c t o r  over lapping  row A i n  p a r t  w i t h  t h e  f i r s t  f u l l  row 
i n  row B. The one low p o i n t  of row B a t  s t a t i o n  1 i s  i n d i c a t i v e  of p a r t i a l  plugging 
o r  m i s d i r e c t e d  o r i f i c e  elements.  w i t h  t h e  c o l l e c t o r  l o c a t e d  2 i n .  from t h e  i n j e c t o r  
face, any m i s d i r e c t i o n  of  f l o w  w i l l  form a coa lescence  which w i l l  t e n d  t o  d i s t o r t  
t h e  f low p r o f i l e  i n  t h e  absence of combustion. Genera l ly  speaking,  t h i s  f l o w  pro- 
f i l e  i s  cons idered  good and i n s u f f i c i e n t  t o  produce s i g n i f i c a n t  m i x t u r e  r a t i o  
m a l d i s t r i b u t i o n  performance l o s s e s  o r  uneven h e a t i n g  of t h e  o x i d i z e r .  
The f u e l  system e x h i b i t s  e x c e l l e n t  f low charac-  
The o x i d i z e r  c i r c u i t  (F igure  42), on t h e  o t h e r  hand, denotes  an 
undula t ing  f l o w  p r o f i l e ,  p a r t i c u l a r l y  i n  rows B and E .  
f l o w  d i s t r i b u t i o n .  Reviewing row A f i rs t ,  t h e  e f fec t  of  i n j e c t o r  placement p a r t i a l l y  
through t h e  row i s  noted. The f u e l  system e x h i b i t e d  a s i m i l a r  e f f e c t .  Row E denotes  
a very l i k e l y  s i g n  of plugging a t  s t a t i o n  5. This  c o n d i t i o n  would be  aggrava ted  when 
h e a t  t r a n s f e r  i s  imposed, caus ing  a mixture  r a t i o  m a l d i s t r i b u t i o n .  
c h a r a c t e r i s t i c s  i n d i c a t e  h i g h e r  f l o w  a t  s t a t i o n  1 w i t h  a gradual  reduct ion  t o  
s t a t i o n  7 ,  
of  s t a t i o n  8 and t h e  low of s t a t i o n  7.  The v a r i a t i o n s  of f low i n  row B most l i k e l y  
r e s u l t s  due t o  angled o r i f i c e  s p r a y s  r a t h e r  than  several p o i n t s  of plugging,  Looking 
back a c r o s s  t h e  rows9 t h e  f l o w  appears  f a i r l y  uniform w i t h  no major row-to-row 
v a r i a t i o n s ,  
Row D denotes  e x c e l l e n t  
Row C f l o w  
P o s s i b l e  plugging of s t a t i o n  7 of row C i s  denoted by t h e  h igh  f low 
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I n  summaryg i t  i s  concluded t h a t  f l ow d i s t r i b u t i o n  of t h e  coarse-  
p a t t e r n  i n j e c t o r  i s  cons ide red  uniform from a m a l d i s t r i b u t i o n  performance l o s s  p o i n t  
of  view, 
mance l o s s  b u t  i s  of i n s u f f i c i e n t  m a s s  percentage  t o  g r e a t l y  a f f e c t  performance. 
The f u e l  d i s t r i b u t i o n  i s  e x c e l l e n t  and should  produce even hea t ing  of t h e  o x i d i z e r  
and even i n j e c t i o n  of t h e  f u e l .  
The l o c a l i z e d  plugging denoted i n  t h e  o x i d i z e r  f low can  produce a pe r fo r -  
2. Sample Heat Exchangers 
Flowing of t h e  f i v e  sample h e a t  exchangers on t h e  m a s s  d i s t r i b u t i o n  
f low device was conducted t o  check f o r  mani fo ld  m a l d i s t r i b u t i o n .  A change had been 
made t o  t h e  mani fo ld ing  of t h e  f i v e  samples i n  an e f f o r t  t o  improve t h e  evenness of 
t h e  hea t  exchange i n  t h e  mani fo ld  area. The change c o n s i s t e d  of a l t e r n a t e l y  f eed ing  
t h e  f u e l  from t h e  l e f t  s i d e  and then  t h e  r i g h t  s i d e  i n s t e a d  of f e e d i n g  from both  
s i d e s  t o  t h e  c e n t e r .  The r e s u l t s  of t h e  f l o w  d i s t r i b u t i o n  f o r  t he  f i v e  samples are  
shown i n  F igu res  43,  44 ,  45 ,  46 ,  and 47 f o r  t h e  f u e l  and o x i d i z e r  of each. 
No s i g n i f i c a n t  d i f f e r e n c e s  were noted  i n  f low d i s t r i b u t i o n  between 
t h e  Phase I1 i n j e c t o r  and t h e  sample h e a t  exchangers.  The mani fo ld ing  changes made 
t o  t h e  sample h e a t  exchangers were t o  improve t h e  h e a t  exchange and t h e r e f o r e  would 
n o t  be n o t i c e a b l e  i n  a water  f low t e s t .  
C, HOT FIRING 
1, m GH2/&02 Hot F i r i n g  of Phase I1 I n j e c t o r s  
A t o t a l  of 47 t e s t s  were conducted u s i n g  gaseous hydrogen and 
gaseous oxygen as p r o p e l l a n t s  w i th  t h e  double  b a f f l e  f i n e - p a t t e r n  Phase I1 i n j e c t o r .  
Three tests u t i l i z e d  t h e  Phase I1 chamber hardware and t h e  remaining t e s t s  u t i l i z e d  
t h e  Phase I11 two-dimensional uncooled chamber hardwareB The t e s t s  covered t h e  
fo l lowing  wide range of o p e r a t i n g  c o n d i t i o n s :  
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Chamber p r e s s u r e  30, 50, 100, 200 and 500 p s i a  
60 t o  1575 1bF 
Mixture r a t i o  (O/F) 1.4 t o  10.2 
Vacuum s p e c i f i c  impulse 87.4 t o  95.9% 
e f f i c i e n c y  
A l l  tes ts  w e r e  analyzed us ing  t h e  ICRPG Standard  Performance 
Eva lua t ion  Procedure t o  d e f i n e  t h e  magnitude of t h e  v a r i o u s  s p e c i f i c  impulse l o s s e s  
so t h a t  t h e  energy r e l e a s e  l o s s  of t h e  i n j e c t o r  cou ld  be  determined. 
The r e s u l t i n g  performance d a t a  a r e  t a b u l a t e d  i n  Table  I,  g i v i n g  t h e  
t e s t  number, i t s  o p e r a t i n g  p o i n t ,  t h e  f u e l  and o x i d i z e r  i n j e c t i o n  v e l o c i t i e s ,  
vacuum s p e c i f i c  impulse,  and t h e  energy r e l e a s e  e f f i c i e n c y .  These d a t a  have been 
p r i m a r i l y  ana lyzed  i n  terms of energy release e f f i c i e n c y  i n  an a t tempt  t o  c o r r e l a t e  
t h e  d a t a  wi th  t h a t  p re sen ted  i n  t h e  Phase I1 program f i n a l  r e p o r t .  
A t  t h e  complet ion of t h e  Phase I1 program, t h r e e  c h a r a c t e r i s t i c s  
w e r e  de f ined  which tended t o  e x p l a i n  t h e  r e s u l t i n g  performance da ta .  Highest  per- 
formance w a s  ob ta ined  a t  low mixture  r a t i o s ,  h igh  chamber p re s su re ,  and h igh  v e l o c i t y  
r a t i o .  It  w a s  t h e r e f o r e  t h e  i n t e n t  of t h e  gas /gas  f i n e - p a t t e r n  i n j e c t o r  t e s t  program 
t o  e v a l u a t e  t h e  performance i n f l u e n c e  of t h e s e  t h r e e  parameters  i n  t h e  absence of 
t h e  hea t  exchanger v a p o r i z a t i o n  process  of t h e  o x i d i z e r .  
With t h i s  r e f e r e n c e  e s t a b l i s h e d ,  t h e  r e s u l t s  of t h e  LN2/GH2 hea t  
I n  t h e s e  tes ts ,  s u f f i c i e n t  exchanger tests p rev ious ly  d i scussed  should be noted. 
f l o w  m a l d i s t r i b u t i o n  w a s  evidenced t o  i n d i c a t e  a p o s s i b l e  o v e r r i d i n g  mixture  r a t i o  
m a l d i s t r i b u t i o n  l o s s  (MRD) e f f e c t  on t h e  p rev ious ly  ob ta ined  da ta .  Therefore ,  
c o r r e l a t i o n  of  t h e  gas /gas  tes ts  wi th  t h e  Phase I1 d a t a  i s  h igh ly  ques t ionable .  
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The t a b u l a t e d  d a t a  a r e  p re sen ted  as a f u n c t i o n  of mix tu re  r a t i o  
and appear  i n  F igu re  48. Symbol coding  denotes  chamber p r e s s u r e ,  i n j e c t o r  f l o w  
c o n d i t i o n  and chamber geometry. This  p r e s e n t a t i o n  of t h e  d a t a  i n d i c a t e s  a wide 
d a t a  sca t te r  w i t h  two apparent  d a t a  t r ends .  
are exper ienced  w i t h  i n c r e a s e d  mix tu re  r a t i o  and decreased  chamber p re s su re .  
t r e n d s  are  d i r e c t l y  o p p o s i t e  t o  t h a t  observed  wi th  t h e  Phase I1 d a t a  and o f f e r  s u f f i -  
c i e n t  d a t a  scat ter  t o  r e q u i r e  a more dependent v a r i a b l e  f o r  c o r r e l a t i o n  purposese  
I n c r e a s e s  i n  energy r e l e a s e  e f f i c i e n c y  
These 
A more d e s i r a b l e  c o r r e l a t i o n  i s  o b t a i n e d  by t h e  d a t a  of F igu re  49 
(energy r e l e a s e  e f f i c i e n c y  vs v e l o c i t y  r a t i o ) .  
of i n j e c t o r  performance wi thout  t h e  e f f e c t s  of incomplete o x i d i z e r  v a p o r i z a t i o n  and 
h e a t  exchanger induced mix tu re  r a t i o  m a l d i s t r i b u t i o n .  It must be s t a t e d ,  however, 
t h a t  a f l o w  m a l d i s t r i b u t i o n  may s t i l l  be  p r e s e n t ,  t h e  exac t  magnitude of which has  
n o t  been determined. F igu re  49 a l s o  i n d i c a t e s  t h e  exac t  o p p o s i t e  c h a r a c t e r i s t i c s  
of t h e  Phase I1 d a t a  p rev ious ly  r epor t ed .  Higher performance i s  ob ta ined  a t  lower 
v e l o c i t y  r a t i o .  S ince  v e l o c i t y  r a t i o  i s  p r i m a r i l y  changed by v a r i a t i o n s  i n  mix tu re  
r a t i o ,  t h e  h ighe r  performing low v e l o c i t y  r a t i o  tes ts  occur  wi th  h igh  mixture  r a t i o s .  
To s e p a r a t e  t h e  e f f e c t  of mix tu re  r a t i o  a lone ,  t h e  i n j e c t o r  w a s  run  wi th  r e v e r s e d  
c i r c u i t s  which causes  t h e  o x i d i z e r  v e l o c i t y  t o  be doubled and t h e  f u e l  v e l o c i t y  t o  
be ha lved  a t  t h e  same mix tu re  r a t i o .  Symbol coding  denotes  chamber p r e s s u r e  and 
i n j e c t o r  f l o w  c o n d i t i o n s  on t h e  f i g u r e .  
chamber which has a l a r g e r  t h r o a t  a r e a ;  however, b o t h  chambers are  2.5 i n .  i n  l eng th ,  
The m a j o r i t y  of t h e  tes ts  was conducted us ing  a two-dimensional chamber wi th  t h e  
narrow dimensions pa ra l l e l  from t h e  f a c e  t o  t h e  nozz le  e x i t .  
These d a t a  are cons ide red  i n d i c a t i v e  
Also no ted  are d a t a  u s i n g  t h e  Phase I1 
A s  can  be  seen  i n  F i g u r e  49, energy r e l e a s e  e f f i c i e n c y  drops o f f  
w i th  i n c r e a s i n g  v e l o c i t y  r a t i o  wi th  a wide d i s p e r s i o n  i n  d a t a  f o r  t h e  d i f f e r e n t  
chamber p r e s s u r e  c o n d i t i o n s .  
which o v e r r i d e s  normally expec ted  v e l o c i t y  r a t i o  e f f e c t s  on mixing induced p e r f o r -  
mance, 
These t r e n d s  denote  t h e  dependence of ano the r  v a r i a b l e  
I n c r e a s e d  v e l o c i t y  r a t i o s  (VH2/V02> should  enhance t u r b u l e n t  mixing, thereby  
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reducing t h i s  performance loss .  Apparent ly ,  an o v e r r i d i n g  f a c t o r  i s  caused by t h e  
inc reased  f u e l  v e l o c i t i e s  which reduce e f f e c t i v e  chamber r e s idence  t i m e s  and, 
consequent ly ,  may r e s u l t  i n  incomplete  combustion w i t h i n  t h e  chamber. 
I n  an a t t empt  t o  unders tand  t h e  chamber p r e s s u r e  i n f l u e n c e ,  t h e  
curve  of F igu re  50 was  cons t ruc t ed .  
as a f u n c t i o n  of t h e  f u e l  d e n s i t y - v e l o c i t y  product  (PV). Since  t e s t s  wi th  t h e  same 
i n j e c t i o n  v e l o c i t y  d i f f e r  i n  i n j e c t i o n  d e n s i t y  due t o  chamber p r e s s u r e  changes,  t h e  
d e n s i t y - v e l o c i t y  product  becomes of i n t e r e s t .  The d a t a  on t h i s  curve  tend  t o  i n d i -  
c a t e  t h a t  h igh  f u e l  v e l o c i t i e s  wi th  s h o r t  chambers and h igh  chamber p re s su res  (h igh  
i n j e c t i o n  gas  d e n s i t y )  produce i n c r e a s i n g  l o s s e s  i n  t h e  100 t o  500 p s i a  chamber 
p r e s s u r e  range. 
Here, t h e  energy r e l e a s e  e f f i c i e n c y  i s  p resen ted  
I n  conclus ion ,  t h r e e  e f f e c t s  a r e  noted  r e s u l t i n g  from t h e  f i n e -  
p a t t e r n  i n j e c t o r  gaseous p r o p e l l a n t  tes t  da ta .  F i r s t ,  h igh  performance can be ob ta ined  
wi th  a 2.5-in. chamber us ing  a HIPERTHIN i n j e c t o r  ove r  a wide range of chamber pressure .  
Second, h igh  f u e l  v e l o c i t i e s  o r  f u e l  v e l o c i t y - d e n s i t y  products  tend  t o  induce s ig -  
n i f i c a n t  performance l o s s e s  i n  a s h o r t  2.5-in. chamber. Thi rd ,  des ign  v a r i a b l e s  
such a s  a b s o l u t e  i n j e c t i o n  v e l o c i t i e s  a f f e c t  combustion performance, o v e r r i d i n g  t h e  
e f f e c t  of o p e r a t i n g  mix tu re  r a t i o ,  which w a s  a primary v a r i a b l e  f o r  t h e  Phase I1 
i n j e c t o r  w i th  l i q u i d  p r o p e l l a n t  i n j e c t i o n .  
2. 
a. T e s t  Setup and Procedure 
All t e s t i n g  w a s  conducted a t  T e s t  Bay 7 of t h e  Physics  Lab 
Thrus t  measurements f o r  performance were made wi th  s t r a i n  
Ox id ize r  p r o p e l l a n t  f l ow r a t e s  w e r e  measured wi th  t u r b i n e  type  
(shown i n  F igu re  51). 
gage l o a d  cel ls .  
f low meters. Sonic  f low v e n t u r i  w e r e  used i n  t h e  f u e l  c i r c u i t .  S i z e s  were a d j u s t e d  
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t o  meet des ign  f l o w  rates. 
LO2 tank  and a 30 - f t  
These systems were used  f o r  a l l  tests. 
s u r e d  w i t h  Tabor t r ansduce r s .  
mounted i n  t h e  f u e l  mani fo ld  of t h e  i n j e c t o r .  
a l l  i n j e c t o r  and l i n e  p r e s s u r e  measuring po in t s .  
Halex 1196A squ ib  wired i n t o  t h e  t h r o a t .  
tes t ,  
The water-cooled chamber w a s  f e d  through a 314 moon-shaped mani fo ld  and then  e x i t e d  
s t r a i g h t  down so t o  n o t  a f f e c t  t h r u s t  measurements. 
P r o p e l l a n t  w a s  s u p p l i e d  t o  t h e  t e s t  s t a n d  from a 50-gal 
The LO2 v e s s e l  was p r e s s u r i z e d  wi th  GN2@ 3 GH2 cascade  system. 
I n j e c t o r  and chamber p r e s s u r e s  w e r e  mea- 
For s t a b i l i t y  measurement, a Photocon t r a n s d u c e r  w a s  
Temperatures were a l s o  recorded  a t  
I g n i t i o n  was accomplished by a 
The s q u i b  was t h e r e f o r e  r ep laced  f o r  each  
F i g u r e  52 shows t h e  hardware mounted on t h e  t e s t  s t a n d  ready  f o r  t e s t i n g .  
b. T e s t  and Performance Summary 
A t o t a l  of t e n  tes ts  were conducted dur ing  t h e  Phase I11 t e s t  
program u s i n g  a s i n g l e  b a f f l e d  n i c k e l  i n j e c t o r  which i n c o r p o r a t e d  an i n t e g r a l  
o x i d i z e r  h e a t  exchanger. A l l  t e s t s  u t i l i z e d  a 2.5-in. combustion l e n g t h ,  two- 
dimensional water-cooled chamber having an area r a t i o  of 2,07:1. 
ex tens ion  i s  a v a i l a b l e ,  which b r i n g s  t h e  area r a t i o  t o  3.7:l  f o r  u se  on tests a t  
chamber p r e s s u r e s  above 500 p s i a .  
f o r  d e t a i l e d  t h r u s t e r  performance a n a l y s i s ,  w i t h  no two tes t s  conducted a t  e i t h e r  
t h e  same chamber p r e s s u r e  o r  mix tu re  r a t i o .  
t i o n a l  i n  o r d e r  t o  d e f i n e  t h e  t h r u s t e r  s t a b i l i t y  and d u r a b i l i t y  over  a t h r o t t l e  
range from 100 t o  1300 p s i a  chamber p re s su re .  Mixture r a t i o  v a r i a t i o n s ,  however, 
were a r e s u l t  of o x i d i z e r  system p r e s s u r e  drop v a r i a t i o n s  a s s o c i a t e d  wi th  each  
chamber p r e s s u r e  o p e r a t i n g  p o i n t  i nduc ing  an  o x i d i z e r  f l o w  v a r i a t i o n .  
a t o t a l  of s i x  d a t a  p o i n t s  d e f i n e  t h e  t h r u s t e r s '  o p e r a t i n g  c h a r a c t e r i s t i c s ,  each  
having a d i f f e r e n t  combination of chamber p r e s s u r e  and mix tu re  r a t i o .  
v a r i a t i o n s ,  d e t a i l e d  performance t r e n d s  a r e  d i f f i c u l t  t o  e s t a b l i s h  and t h e  performance 
a n a l y s i s  must r e l y  h e a v i l y  on a d d i t i o n a l  suppor t ing  d a t a  t o  e s t a b l i s h  nominalized 
c r i t e r i a  so t h a t  s e p a r a t i o n  of t h e s e  v a r i a b l e s  can  be obta ined .  
An o p t i o n a l  n o z z l e  
S i x  of t h e  tes ts  provided d a t a  whichwere  adequate  
Chamber p r e s s u r e  v a r i a t i o n s  were i n t e n -  
A s  a r e s u l t ,  
With t h e s e  
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To accomplish t h i s  s e p a r a t i o n ,  t h e  performance e v a l u a t i o n  of 
each tes t  involved  computation of t h e  s p e c i f i c  impulse decrement a t t r i b u t a b l e  t o  
t h e  in jec tor /chamber  design.  These l o s s e s  were computed us ing  t h e  JANNAF Standar-  
d i z e d  Performance Evalua t ion  procedure"),  which a l lows  computation of t h e  v a r i o u s  
real engine s p e c i f i c  impulse l o s s e s  so t h a t  t h e  combined energy release and mix tu re  
r a t i o  d i s t r i b u t i o n  loss  of t h e  i n j e c t o r  can be deduced. S ince  no means were 
a v a i l a b l e  t o  determine t h e  mixture  r a t i o  d i s t r i b u t i o n  a c r o s s  t h e  i n j e c t o r  f a c e  f o r  
t h e  va r ious  chamber p re s su re /mix tu re  r a t i o  combinat ions,  a s e p a r a t e  l o s s  was no t  
computed. Therefore ,  t h e  impulse l o s s  remaining a f t e r  real  engine l o s s  i d e n t i f i c a -  
t i o n  has  been a s s igned  t o  energy r e l e a s e  l o s s  and may inc lude  inde terminable  mixture  
r a t i o  d i s t r i b u t i o n  losses.  
The program test and performance d a t a  are summarized i n  
Table 11, i n d i c a t i n g  t h e  test number, d a t e ,  o p e r a t i n g  p o i n t ,  d u r a t i o n ,  and energy 
release e f f i c i e n c y .  
A s  mentioned earlier., s i x  tes ts  were analyzed f o r  performance. 
The f o u r  remaining tests (101, 102, 106, and 110) were n o t  cons idered  i n  t h e  pe r fo r -  
mance e v a l u a t i o n s  f o r  v a r i o u s  reasons ,  Test 101 w a s  a s h o r t  d u r a t i o n  system checkout 
f i r i n g  and no t  s u i t a b l e  f o r  s t e a d y - s t a t e  performance da ta .  In s t rumen ta t ion  m a l -  
f u n c t i o n s  p r o h i b i t e d  e v a l u a t i o n  of T e s t  102. T e s t  106 r an  a t  a h igh  mix tu re  r a t i o  
of 25:l and w a s  cons ide red  o u t  of t h e  range of a p p l i c a b l e  da ta .  On T e s t  110, an 
o x i d i z e r  c i r c u i t  system mal funct ion  induced chamber damage, i n v a l i d a t i n g  performance 
da ta .  
Previous  gas /gas  t e s t i n g  wi th  t h e  Phase I1 i n j e c t o r  i n d i c a t e d  
two primary performance c o r r e l a t i o n  t r ends .  
energy release e f f i c i e n c y  r e d u c t i o n s ,  whi le  mixture  r a t i o  i n c r e a s e s  improved i n j e c t o r  
energy r e l e a s e .  
I n c r e a s i n g  chamber p r e s s u r e  r e s u l t e d  i n  
The combined t r e n d  w a s  i n t e r p r e t e d  i n  terms of inc reased  f u e l  
(1) 
November 1966, 
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d e n s i t y  - v e l o c i t y  product .  
i n c r e a s i n g  chamber p r e s s u r e  r e s u l t s  i n  p ropor t iona l  i n c r e a s e s  i n  p r o p e l l a n t  d e n s i t y  
and f low r a t e  whi le  t h e  v e l o c i t i e s  remain cons t an t .  This  c o n d i t i o n  r e s u l t s  s i n c e  
t h e  t h r o a t  a r e a  w a s  h e l d  c o n s t a n t  over  t h e  chamber p r e s s u r e  range. These c o r r e l a -  
t i o n s  were p o s s i b l e  s i n c e  both  p r o p e l l a n t s  e n t e r e d  a t  t h e  same temperature ,  a l lowing  
computation of t h e  d e n s i t i e s  a t  i n j e c t i o n .  The Phase I11 da ta ,  on t h e  o t h e r  hand, 
employed l i q u i d  oxygen wi th  h e a t  exchange, p r o h i b i t i n g  t h e  computation of t h e  
i n j e c t a n t ' s  d e n s i t y ,  Therefore ,  t h e  performance t r e n d s  eva lua ted  wi th  t h e  Phase I11 
d a t a  were on ly  those  known o p e r a t i n g  v a r i a b l e s  of chamber p r e s s u r e  and mixture  r a t i o .  
For  g iven  i n j e c t o r  and chamber c o n f i g u r a t i o n s ,  an 
Performance d a t a  wi th  t h e  Phase I11 i n j e c t o r  has  been computed 
from t h e  s i x  v a l i d  performance tes ts  and i s  p resen ted  i n  terms of  energy release 
e f f i c i e n c y  ve r sus  chamber p r e s s u r e  and mix tu re  r a t i o  i n  F igu res  53 and 54. 
mentioned e a r l i e r ,  f o r  t h e  purpose of t h i s  d i s c u s s i o n ,  t h e  energy r e l e a s e  e f f i c i e n c y  
computed may inc lude  mix tu re  r a t i o  d i s t r i b u t i o n  l o s s e s  which were no t  c a l c u l a t e d  
s e p a r a t e l y .  Also,  t h e  two t r e n d s  p l o t t e d  are n o t  cons ide red  i d e a l  s i n c e  no two 
tes ts  were conducted a t  e i t h e r  t h e  same mix tu re  r a t i o  o r  chamber p re s su re ,  which 
means t h a t  t h e  t r e n d s  shown are  n o t  n e c e s s a r i l y  a d i r e c t  r e s u l t  of t h e  dependent 
v a r i a b l e  shown on t h e  graph. S ince  t h e  e f f e c t  of decreased mix tu re  r a t i o  i s  
decreasedenergy r e l e a s e  e f f i c i e n c y  (wi th in  t h e  mix tu re  r a t i o  range covered i n  t h e  
t e s t i n g ) ,  t h e  e f f e c t  of chamber p r e s s u r e  on i n j e c t o r  performance i s  assumed t o  n o t  
be as g r e a t  as depic ted .  F igu res  5 3  and 54 would s e e m  t o  prove v a l i d  t h e  conc lus ions  
reached from a n a l y s i s  of Phase I1 g a s l g a s  t e s t  d a t a  i n  r ega rd  t o  t h e  e f f e c t  of chambe 
p res su re  and mix tu re  r a t i o  on i n j e c t o r  energy r e l e a s e  e f f i c i e n c y .  
A s  
I d e a l l y ,  i n  o r d e r  t o  p ropor t ion  t h e  dual i n f l u e n c e s  of mix tu re  
r a t i o  and chamber p r e s s u r e  a c c u r a t e l y  f o r  Phase I11 i n j e c t o r  performance, a mix tu re  
r a t i o  survey a t  each program chamber p r e s s u r e  l e v e l  w a s  requi red .  
such a survey,  Phase I1 gas lgas  t e s t  d a t a  were used t o  e v a l u a t e  t h e  e f f e c t  of  
mix tu re  r a t i o  on t h e  energy release e f f i c i e n c y  of t h e  Phase I11 i n j e c t o r  a t  each 
I n  absence of  
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chamber p r e s s u r e ,  Af t e r  s u b t r a c t i n g  t h e  e f f e c t  of dec reas ing  mixture  r a t i o ,  t h e  
i n f l u e n c e  of chamber p r e s s u r e  on energy release e f f i c i e n c y  can be  noted.  
shows energy release e f f i c i e n c y  as a f u n c t i o n  of mixture  r a t i o  f o r  t h e  Phase I1 
i n j e c t o r  us ing  gaseous p r o p e l l a n t s  and f o r  t h e  Phase I11 i n j e c t o r .  These d a t a  
i n d i c a t e  t h e  dec reas ing  e f f e c t  of mixture  r a t i o  on performance as chamber p r e s s u r e  
i n c r e a s e s .  
(F igure  56) w a s  cons t ruc t ed  f o r  the Phase 111 i n j e c t o r  a t  a mixture  r a t i o  of 6.45, 
corresponding t o  T e s t  104. Using t h e  Phase I1 gas /gas  d a t a  a t  a chamber p re s su re  
of 100 p s i a ,  from F igure  55, t h e  change i n  energy release e f f i c i e n c y  a t t r i b u t a b l e  t o  
mixture  r a t i o  v a r i a t i o n  from t h e  base  v a l u e  of 6 .45 : l  (Test  104, P = 108 p s i a )  w a s  
added t o  t h e  energy release e f f i c i e n c y  c a l c u l a t e d  f o r  each Phase I11 test .  Thus, a 
conse rva t ive  c o r r e c t i o n  w a s  made because t h e  energy release g r a d i e n t  i s  s t r o n g e r  a t  
100 p s i a  than  a t  h igher  p r e s s u r e s .  
chamber p r e s s u r e  i s  t h e  major i n f l u e n c e  i n  reducing Phase I11 i n j e c t o r  energy release 
e f f i c i e n c y  assuming t h e  l i m i t e d  d a t a  sample w i l l  completely d e f i n e  a v a r i a b l e  
in f luence .  This  is  i n  agreement wi th  F igure  55, which shows a gene ra l  lower level  
of performance wi th  i n c r e a s i n g  p res su re .  
F igure  55 
A c o r r e c t e d  energy release e f f i c i e n c y  v e r s u s  chamber p r e s s u r e  p l o t  
C 
From F igure  56, i t  appears  t h a t  i n c r e a s i n g  
c .  Explana t ions  of t h e  E f f e c t  of Chamber P res su re  on 
I n j e c t o r  Energy Release E f f i c i e n c y  
Assuming t h e  e f f e c t  of i nc reased  chamber p r e s s u r e  i s  t o  
dec rease  t h e  Phase 111 i n j e c t o r  energy release e f f i c i e n c y ,  several exp lana t ions  can  
be d i scussed  i n  t e r m s  of chamber p r e s s u r e  i n f l u e n c e  on t h e  combustion e f f i c i e n c y  of 
a gaseous oxygen/gaseous hydrogen r e a c t i o n .  
d i scussed  i n  terms of a n  occurrence  which could p o s s i b l y  a f f e c t  i n j e c t o r  energy 
release e f f i c i e n c y .  
i n c r e a s e s  i n  t h e  GH /GO 
The chamber p r e s s u r e  e f f e c t  w i l l  be 
This  occurrence  w i l l  b e  i d e n t i f i e d  w i t h  t h e  p r o p o r t i o n a l  
r e a c t i o n  r a t e  wi th  i n c r e a s i n g  chamber p re s su re .  2 2  
I n  a gas /gas  i n j e c t i o n  p rocess ,  t h e  p r o p e l l a n t s  are f u l l y  
prepared f o r  combustion; i . e . ,  no a tomiza t ion  o r  v a p o r i z a t i o n  p rocesses  must t a k e  
p l a c e  as wi th  a l i q u i d  ox id ize r /gaseous  f u e l  system as u t i l i z e d  i n  Phase 11. The 
Phase I11 HIPERTHIN i n j e c t o r  b a s i c a l l y  employs a l i n e a r  showerhead element d i s t r i b u -  
t i o n  wi th  a l t e r n a t e  rows of f u e l  and o x i d i z e r  o r i f i c e s .  Both of t h e s e  f a c t s  ( i e e a 9  
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a g a s l g a s  i n j e c t i o n  system and a nonimpinging showerhead i n j e c t o r  p a t t e r n )  would 
suppor t  t h e  theory  t h a t  t h e  chemical combustion r e a c t i o n  could  be  i n t e r r u p t i n g  t h e  
phys ica l  mixing process  i n  t h e  engine  combustion chamber. I f  t h i s  phenomenon w e r e  
occu r r ing ,  t he  e f f e c t  would worsen wi th  i n c r e a s i n g  chamber p re s su re  s i n c e  t h e  r e a c t i o  
r a t e s  would i n c r e a s e .  I n  t h i s  case, more r e a c t i o n  would occur  nea r  t h e  i n j e c t o r  f a c e  
forming a zone of r e a c t e d  gas which would ac t  a s  a b a r r i e r  and, hence, i n h i b i t  mixing 
This type  of g a s l g a s  combustion e f f e c t  on t h e  i n j e c t i o n  i n e r t i a  
e f f e c t s  has  been c i t e d  as occur r ing  i n  t h e  ALRC Hydrogen-Oxygen High Pc APS Engine 
Program(2). 
c o l d  f low and h o t  f i r e  d a t a  f o r  i n j e c t o r s  u t i l i z i n g  s w i r l e r  c o a x i a l  elements.  Pre-  
l imina ry  r e s u l t s  from t h e s e  gas /gas  t es t s  have shown t h a t  s w i r l e r  elements do n o t  
o f f e r  performance advantages ove r  a p l a i n  showerhead element,  c o n t r a r y  t o  t h e  c o l d  
f low d a t a  from which t h e  s w i r l e r  w a s  synthes ized .  Th i s  would t end  t o  i n d i c a t e  t h e  
combustion process  i s  indeed  impeding t h e  mixing process  and caus ing  t h i s  d e s i r a b l e  
mixing i n f l u e n c e  t o  be minimized. Th i s  program i s  o p e r a t i n g  a t  chamber p r e s s u r e  
l e v e l s  from 100 p s i a  t o  500 p s i a ,  w i th  c o l d  f low a t  50 p s i a .  
This  gas /gas  program has c i t e d  d i f f e r e n c e s  i n  mixing e f f i c i e n c y  between 
I n  t h e  p a r a l l e l  Low Pc APS program(2),  o p p o s i t e  r e s u l t s  have 
been ob ta ined  i n  h o t  f i r e  tes ts  wi th  a s w i r l e r  c o a x i a l  element. The performance g a i n  
p r e d i c t e d  from c o l d  f low o p t i m i z a t i o n  have g e n e r a l l y  been r e a l i z e d  i n  t h e  ho t  f i r i n g s  
conducted t o  d a t e ,  It  can  be sugges ted  t h a t  t h e  lower r e a c t i o n  r a t e s  accompanying 
t h e  low nominal chamber p r e s s u r e  of 15 p s i a  a l low t h e  mixing p rocess  t o  be  completed 
without  a s u b s t a n t i a l  combustion i n t e r f a c e  i n  t h e  c r i t i c a l  mixing zone nea r  t h e  
i n j e c t o r  f a c e .  
( 2 )  APS Thrus t e r s ,  Cont rac t  NAS 3-14354, 
NASAILewis Research Center ,  
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A r e c e n t  company-sponsored i n v e s t i g a t i o n  i n t o  hydrogenloxygen 
combustion wi th  a unielement  showerhead i n j e c t o r  has  a l s o  provided substan-  
t i a t i o n  of t h i s  g a s l g a s  mixing i n t e r f a c e  dur ing  ho t  f i r e  t e s t i n g .  
a coax ia l  element w a s  c o l d  f low t e s t e d  us ing  a mass spec t rometer  t o  i d e n t i f y  t h e  
s p e c i e s  and t h e  degree of mixing. Next, ho t  f i r e  t e s t s  w e r e  conducted and t h e  
s p e c i e s  aga in  i d e n t i f i e d .  The ensuing r e s u l t  w a s  decreased mixing s i n c e  t h e  i n t e r -  
f a c e  water r e a c t i o n  f o r c e d  t h e  o u t e r  hydrogen away from t h e  element and compartmentized 
t h e  oxygen w i t h i n  t h e  wa te r - cy l inde r - l i ke  s h i e l d .  
I n  t h i s  program, 
With t h e s e  two examples of G02 /GH2 r e a c t i o n  processes  t end ing  
t o  i n h i b i t  mixing,  a r e l a t i o n  t o  t h e  phys ica l  Phase I11 t e s t  s y s t e m  must be c l a r i f i e d .  
These t e s t s  were conducted a t  t h r u s t  l e v e l s  t o  2500 l b  i n  a s h o r t  2 .5- in . - length  
chamber. It  must be assumed a t  t h e s e  t h r u s t s  and t h e i r  corresponding high p r e s s u r e  
and f low r a t e  t h a t  combustion r e a c t i o n  e f f e c t s  a r e  ampl i f i ed  i n  comparison wi th  longe r  
l e n g t h  chambers c u r r e n t l y  under e v a l u a t i o n  i n  o t h e r  0 2 / H 2  p r o p e l l a n t  a p p l i c a t i o n s .  
I n  t h e s e  g a s l g a s  t es t  programs, h igher  energy r e l e a s e  e f f i c i e n c i e s  have been noted  
and wi th  n o t  n e a r l y  t h e  i n f l u e n c e  of chamber p re s su re .  
chambers were two t o  t h r e e  t imes as long. The end r e s u l t  w a s  l e s s  s e n s i t i v i t y  t o  
chamber p r e s s u r e  i n c r e a s e  as shobm i n  F igu re  57. Here, t h e  Phase I1 and Phase I11 
i n j e c t o r  g a s l g a s  d a t a  a r e  compared wi th  t h r e e  o t h e r  i n j e c t o r s  o p e r a t i n g  wi th  longer  
combustion chambers. The i n f l u e n c e  of chamber l e n g t h  on chamber p r e s s u r e  i n c r e a s e s  
i s  q u i t e  apparent .  
t h e  t r e n d s  of t he  Phase I11 i n j e c t o r  g a s l g a s  d a t a  i n  t h a t  i n c r e a s e d  chamber l e n g t h s  
may t end  t o  minimize t h i s  e f f e c t  and a l low high combustion e f f i c i e n c i e s  t o  be ob ta ined  
a t  h igh  chamber p r e s s u r e s ,  t h e  s l o p e  of which i s  a f u n c t i o n  of t h e  p a r t i c u l a r  i n j e c t o r ,  
w i th  gaseous oxygen/gaseous hydrogen i n j e c t o r s .  
I n  most cases, t h e  employed 
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Figure 27.  Gas-Side and Wall/Coating I n t e r f a c e  Temperature 
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F igure  28. Gas-Side and Wall/Coating I n t e r f a c e  Temperature 
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F igure  30, Annular Segment I n j e c t o r  F l a t  Face Conf igu ra t ion  
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Copper F l a s h  Nickel P l a t i n g  
F igure  31. Nickel  P l a t e l e t  w i t h  Nickel  P l a t i n g  
over  Copper F lash  
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Figure  32,  I n j e c t o r  Sample Stack N o ,  2 Bond Qua l i ty  
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Figure  33. Nozzle Extension 
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F igure  40,  Mass D i s t r i b u t i o n  T e s t  F i x t u r e  
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Figure 4 3 .  Relative Mass Flux Type I 
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Figure 4 4 ,  Relative Mass Flux Type I1 
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Figure 45, Relative Mass Flux Type 111 
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Figure  46. Relative Mass Flux Type I V  
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COMPUTER L I S T I N G  AND DISCUSSION OF SINDA 
LOGIC AND SUBROUTINES FOR HEAT TRANSFER CALCULATIONS 
Report 21052-3F, Appendix A 
COMPUTER PROGRAM INPUT AND OPERATION 
The unique s t r u c t u r a l  f e a t u r e s  of t h e  SINDA'l) program prec lude  t h e  u s e  of a 
se t  of d a t a  c a r d s ,  i n  t h e  o r d i n a r y  sense ,  supply ing  necessa ry  llprogram input". The 
SINDA program i s  a master c o n t r o l  program which i s  s t r u c t u r e d  t o  accep t  l o g i c  a s  
w e l l  as numerical  da t a .  
of t h e  node network i n  terms of numeric and alphanumeric d e s c r i p t o r s ,  sub rou t ines  t o  
manipula te  numerical  q u a n t i t i e s  ( a  l a r g e  number of u s e f u l  sub rou t ines  are i n c l u d e d  i n  
t h e  SINDA l i b r a r y ) ,  program execu t ion  c o n t r o l  c o n s t a n t s p  and a r r a y  da ta .  S ince  t h e  
b a s i c  SINDA program g r e a t l y  f a c i l i t a t e s  nodal d e f i n i t i o n  and network s o l u t i o n ,  a 
m a j o r i t y  of t h e  t i m e  spen t  on t h e  t apof f  c y c l e  des ign  s tudy  was used t o  develop t h e  
sub rou t ines  r e q u i r e d  t o  provide  supplementary c a l c u l a t i o n s  and da ta .  
User l o g i c  accep ted  by t h e  program i n c l u d e s  a d e s c r i p t i o n  
Excluding t h e s e  sub rou t ines ,  which cou ld  be s t o r e d  on t a p e  o r  d i s k  wi th  t h e  
SINDA program, and t h e  approximate 150 c a r d s  c o n t a i n i n g  t h e  u s e r  l o g i c  desc r ibed  
i n  t h e  f i r s t  paragraph, t h e  program i n p u t  w i l l  be de f ined  h e r e  as t h e  set of t h r e e  
c a r d s  which d e f i n e  i n j e c t o r  and channel geometry, f l o w  rates,  and i n l e t  and o u t l e t  
t empera tures  and p res su res .  These t h r e e  c a r d s  t o g e t h e r  form a r r a y  number 30, which 
c o n t a i n s  t h e  fo l lowing  i n p u t  parameters.  
Array 30 Inpu t  Parameters 
Twenty-two parameters comprise t h e  p r i n c i p a l  i n p u t  a r r ay .  They a r e  i n p u t  
i n  f r e e  format i n  columns 12 through 7 2 ,  beginning  w i t h  t h e  number "30" i n  columns 1 2  
and 13  of t h e  f i r s t  c a r d ,  fo l lowed by t h e  numerical  v a l u e  of each a r r a y  element 
s e p a r a t e d  by commas. Array elements a r e  a s  fo l lows :  
(1) J, D, Gaski,  Whrysber  Improved Numerical D i f f e renc ing  Analyzer f o r  T h i r d  
Genera t ion  Computers,f' TN-SP-67-287, Chrys l e r  Corp, Space Div i s ion ,  New Or leans ,  
La , ,  October 1967, 
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P I 0  
PIF 
PIG 
K I  8 
KIF 
K I G  
K08  
K0F 
K ~ G  
D 8  
Element D e f i n i t i o n  
To ta l  f u e l  (hydrogen) weight flow, lbm/sec 
To ta l  o x i d i z e r  (oxygen) weight flow, 
1 bm/ s ec  
Ra t io  of ho t  g a s  weight f l o w  t o  t o t a l  
p r o p e l l a n t  f low, pe rcen t  
Overa l l  i n j e c t o r  width,  i n c h e s  
Overa l l  i n j e c t o r  depth,  i nches  
Channel depth,  f u e l ,  i nches  
Channel width,  o x i d i z e r ,  f u e l ,  gas ,  i nches  
Channel l and  width,  i n c h e s  
S e p a r a t o r  p l a t e l e t  t h i c k n e s s ,  gas ,  i nches  
Sepa ra to r  p l a t e l e t  t h i c k n e s s ,  o x i d i z e r  
and f u e l ,  i n c h e s  
Channel depth ,  gas ,  i nches  
Channel l e n g t h ,  i nches  
I n l e t  mani fo ld  p r e s s u r e ,  o x i d i z e r ,  p s i a  
I n l e t  mani fo ld  p r e s s u r e ,  f u e l ,  p s i a  
C ombu s ti o n chamber p re s  s u r e  , p s i  a 
I n l e t  p r e s s u r e  loss f a c t o r ,  o x i d i z e r ,  ( - )  
I n l e t  p r e s s u r e  l o s s  f a c t o r ,  f u e l ,  (-) 
I n l e t  p r e s s u r e  l o s s  f a c t o r ,  gas ,  (--) 
O u t l e t  p r e s s u r e  l o s s  f a c t o r ,  o x i d i z e r ,  ( - )  
O u t l e t  p r e s s u r e  l o s s  f a c t o r ,  f u e l ,  (-) 
O u t l e t  p r e s s u r e  l o s s  f a c t o r ,  gas ,  (-) 
Channel depth ,  o x i d i z e r ,  i n c h e s  
Var i ab le  Range 
W = 0.05 
0.015 - 6.WLAND - 
0.010 h - THGAS L - 0. 
0.010 - e T H ~ F  - 4 o.( 
0.005 4 GASD .( O.( - - 
K I g  = 1.0 
KIF = 1.0 
K I G  = 1.0 
K@@ = 1.0 
KQ)F = 1.0 
K8G = 1.0 
The a r r a y  30 d a t a  a r e  inc luded  i n  t h e  SINDA c o n t r o l  program a s  shown i n  
t h e  l i s t i n g  of Table I. 
cases run. 
Table I1 p r e s e n t s  a sample ou tpu t  f o r  one of t h e  f u l l  t h r u s t  
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COMPUTER PROGRAM SUBROUTINES 
Subrou t ines  developed f o r  t h e  Tapoff Cycle des ign  s tudy  a r e  l i s t e d  i n  
Table  I11 and d i s c u s s e d  i n d i v i d u a l l y  i n  t h e  fo l lowing  paragraphs.  
u s e r  developed programs which complemented s u b r o u t i n e s  a v a i l a b l e  i n  t h e  SINDA 
1 i b r a r y  . 
These r e p r e s e n t  
Subrout ine  WDOT 
Subrout ine  WWT w a s  used t o  c a l c u l a t e  t h e  t o t a l  number of f l o w  channels  
as determined from t h e  channel geometry and o v e r a l l  dimensions inpu t .  Flow rates  p e r  
channel of each  of t h r e e  f l u i d s  were then  determined from t h e  t o t a l  f l o w  rates i n p u t .  
C a l c u l a t i o n a l  d e t a i l s  and symbol d e f i n i t i o n s  are i n c l u d e d  i n  t h e  sub rou t ine  l i s t i n g .  
Subrout ine  HGO 
Subrout ine  HGO was used t o  c a l c u l a t e  t h e  l o c a l  oxygen h e a t  t r a n s f e r  
c o e f f i c i e n t  as a f u n c t i o n  of l o c a l  tempera ture  a t  t h e  i n l e t  p ressure .  Heat t r a n s f e r  
c o e f f i c i e n t  c a l c u l a t i o n s  w e r e  based on t h e  fo l lowing  s t a n d a r d  c o r r e l a t i o n :  
0.8 pr0.4 Nu = 0.023 R e  
where t h e  Nusse l t ,  Reynolds and P r a n d t l  numbers a r e  based on f r ee - s t r eam p r o p e r t i e s .  
Subrout ine  HGF 
Subrout ine  HGF w a s  used t o  c a l c u l a t e  t h e  l o c a l  hydrogen h e a t  t r a n s f e r  
c o e f f i c i e n t  u s i n g  t h e  same c o r r e l a t i o n  and t r a n s p o r t  p r o p e r t i e s  assumption as f o r  
oxygen 
Page 3 
Report 21052-3F9 Appendix A 
Subrout ine  HGCgMB 
Subrout ine  H G C ~ M B  w a s  used  t o  c a l c u l a t e  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  
f o r  t h e  combustion gas a t  t h e  i n j e c t o r  f ace .  The D i t t u s - B o e l t e r  c o r r e l a t i o n  w a s  used, 
c o r r e c t i n g  t h e  "DB" p r o p e r t i e s  f a c t o r  ob ta ined  from t h e  THERMOCAL'l) program f o r  t h e  
n o n c i r c u l a r  geometry, The r e s u l t i n g  expres s ion  used w a s  as f o l l o w s :  
e O D 8  D 1.8 (7) d D  O e 8  
T hg = DB 9: w 
where DB = THERMgCAL p r o p e r t i e s  f a c t o r  
= t o t a l  p r o p e l l a n t  weight flow, l b l s e c  
D = h y d r a u l i c  d iameter  of i n j e c t o r  f a c e ,  i n .  
P = per ime te r  a t  i n j e c t o r  f a c e ,  i n .  
T 
Subrout ine  HGGAS 
Subrout ine  HGGAS w a s  used t o  c a l c u l a t e  t h e  l o c a l  h o t  gas  h e a t  t r a n s f e r  
c o e f f i c i e n t  i n s i d e  t h e  h o t  gas  channel as a f u n c t i o n  of temperature.  The same  D i t t u s -  
B o e l t e r  c o r r e l a t i o n  was used a s  i n  Subrout ine  HGCdMB, s u b s t i t u t i n g  a p p r o p r i a t e  
geometry terms. 
Subrout ine  FRICT 
Subrout ine  FRICT w a s  used t o  c a l c u l a t e  h y d r a u l i c  parameters w i t h i n  t h e  
f low channels .  Determina t ions  were made of e n t r a n c e  and e x i t  p r e s s u r e  drops as wel l  
a s  momentum and f r i c t i o n  l o s s e s  w i t h i n  t h e  channels .  Local p r e s s u r e  c a l c u l a t i o n s  
were performed a f t e r  t h e  tempera ture  g r a d i e n t s  were e s t a b l i s h e d  f o r  t h e  e n t i r e  network. 
The purpose w a s  t o  ma in ta in  a check on t h e  o v e r a l l  channel p r e s s u r e  drop t o  a s s u r e  
t h a t  channel s izes  w e r e  reasonable .  P res su re  c a l c u l a t i o n s  were made a t  each node, 
u s ing  t h e  l o c a l  tempera ture  and previous  p r e s s u r e  f o r  v i s c o s i t y  eva lua t ion .  
f l ow was assumed and an a p p r o p r i a t e  f r i c t i o n  f a c t o r  w a s  used, 
Turbulent  
( 1 )  J, N. Hes te r  and J. Chan, "THERMgCAL - Phase I, Volumes I and 11," Thrus t  Chamber 
Engineer ing  Report  No, 9600:M014, da t ed  1 September 1969, 
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Subrout ine  HYDP 
Subrout ine  HYDP w a s  used t o  o b t a i n  t h e  thermodynamic and t r a n s p o r t  
p r o p e r t i e s  of hydrogen as a f u n c t i o n  of  temperature  and pressure .  
o b t a i n e d  w e r e  s p e c i f i c  h e a t  r a t i o  (-), s o n i c  v e l o c i t y  ( f t / s e c ) ,  v i s c o s i t y  ( l b / i n . - s e c ) ,  
and d e n s i t y  ( l b m / f t  ) e  HYDP ca l l s  Subrout ines  TABTP and TABHP which c o n t a i n  t h e  
Los Alamos t a b u l a r  para-hydrogen p r o p e r t i e s  and are  f u r t h e r  d e s c r i b e d  i n  an Aeroje t  
manual ( 2 ) a  Thermodynamic and t r a n s p o r t  p r o p e r t i e s  are  a v a i l a b l e  over  t h e  fo l lowing  
range of temperature  and p r e s s u r e :  
P r o p e r t i e s  t h u s  
3 
0 < P <  - 5000 p s i a  
36 < T-C 5 0 0 0 0 ~  - -  
Subrout ine  @XP 
Subrout ine  0XP w a s  used t o  o b t a i n  thermodynamic and t r a n s p o r t  p r o p e r t i e s  
of oxygen as a f u n c t i o n  of tempera ture  and pressure .  P r o p e r t i e s  provided by @XP w e r e  
s p e c i f i c  h e a t  r a t i o  ( - ) ?  s o n i c  v e l o c i t y  ( f t / s ec ) ,  v i s c o s i t y  ( l b / i n . - s e c ) ,  and d e n s i t y  
( lbm/f t3) .  
t a b u l a r  oxygen p r o p e r t i e s  and are  f u r t h e r  d e s c r i b e d  i n  two memorandums ( 3 9  
dynamic and t r a n s p o r t  p r o p e r t i e s  a r e  a v a i l a b l e  over  t h e  fo l lowing  ranges of tempera- 
t u r e s  and p r e s s u r e s :  
@XP c a l l s  Subrout ines  OXYGP and PTP which c o n t a i n  Aero je t -developed 
Thermo- 
44 < P -C 2939 p s i a  - -  PTP 2 
180 .< T < 50000R - -  
14.7 < P .< 4850 p s i a  - -  @XYGP : 
100 < T .< 5400R - -  
( 2 )  N e  R e  C u l l ,  "0. A, Farmer Hydrogen Proper ty  Subrout ines  TABHP and TABTP," 
(3)  J, J, W i l l i a m s ,  Womputer Code f o r  t h e  Thermodynamic P r o p e r t i e s  of  Oxygen," 
(4)  P, Block, *'Phase I1 Computer Program - Advanced I n j e c t o r  Program,9v Memorandum 
Dept 2380, Reference Manual 2300-M21, Aerojet-General Corp,, 2 February 1968, 
Memorandum 9615~2948,  d a t e d  10 September 1969. 
9648~0539,  d a t e d  3 November 1969, 
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Subrout ine  OXARRY 
Subrout ine  OXARRY w a s  used t o  load  thermodynamic p r o p e r t i e s  of  oxygen, 
thermal c o n d u c t i v i t y  (Btu/in.-sec-OR), v i s c o s i t y  ( l b / i n . - s e c ) ,  and s p e c i f i c  h e a t  
(Btu/lbm-OR) i n t o  a r r a y s  as a f u n c t i o n  of incrementa l  temperatures  a t  t h e  i n l e t  
p r e s s u r e  s p e c i f i e d .  These a r r a y s  were s t o r e d  by t h e  main l o g i c  of t h e  SINDA c o n t r o l  
program. This  s u b r o u t i n e  a l s o  c a l l e d  Subrout ines  OXYGP and PTP which conta ined  t h e  
oxygen p r o p e r t i e s  d e s c r i b e d  i n  t h e  above @XP subrout ine .  The a r r a y s  c r e a t e d  by OXARRY 
were c a l l e d  by t h e  argument l i s t  of Subrout ines  HGO and FRICT, d e s c r i b e d  e a r l i e r ,  t o  
provide p r o p e r t i e s  f o r  t h e  e v a l u a t i o n  of t h e  oxygen h e a t  t r a n s f e r  c o e f f i c i e n t  and 
p r e s s u r e  drop. 
Sub r o  u t i ne HYARRY 
Subrout ine HYARRY was used t o  load  thermodynamic p r o p e r t i e s  of hydrogen, 
thermal c o n d u c t i v i t y  (Btu/in.-sec-OR), v i s c o s i t y  ( l b / i n . - s e c ) ,  and s p e c i f i c  h e a t  
(Btu/lbm-OR) i n t o  a r r a y s  as a f u n c t i o n  of incremental  temperatures  a t  t h e  i n l e t  
p r e s s u r e  s p e c i f i e d .  These a r r a y s  w e r e  s t o r e d  by t h e  main l o g i c  of t h e  SINDA c o n t r o l  
program. 
p r o p e r t i e s  d e s c r i b e d  i n  t h e  HYDP subrout ine .  
by t h e  argument l i s t  of HGF and FRICT, descr ibed  ea r l i e r ,  t o  provide p r o p e r t i e s  f o r  
t h e  e v a l u a t i o n  of t h e  hydrogen h e a t  t r a n s f e r  c o e f f i c i e n t  and p r e s s u r e  drop. 
T h i s  s u b r o u t i n e  a l s o  c a l l e d  Subrout ine TABTP which c o n t a i n e d  t h e  hydrogen 
The a r r a y s  c r e a t e d  by HYARRY w e r e  c a l l e d  
Subrout ine  GSARRY 
Subrout ine  GSARRY w a s  used t o  load  t h e  thermodynamic p r o p e r t i e s ,  s p e c i f i c  
h e a t  (Btu/lbm-OR), THERMOCAL DB f a c t o r ,  of  t h e  oxygen/hydrogen combustion gas  a t  
MR = 5.0 i n t o  a r r a y s  as a f u n c t i o n  of incremental  temperatures  a t  t h e  chamber p r e s s u r e  
s p e c i f i e d .  These a r r a y s  w e r e  s t o r e d  i n  t h e  main l o g i c  of t h e  SINDA c o n t r o l  program. 
This  s u b r o u t i n e  c a l l e d  GASP, which r e f e r r e d  t o  t h e  /PGAS/ block d a t a  where t h e  com- 
b u s t i o n  gas  t a b u l a r  d a t a  were s t o r e d ,  The a r r a y s  c r e a t e d  by GSARRY w e r e  c a l l e d  by t h e  
argument l i s t  of Subrout ines  HGGAS, HGCGMB and FRICT t o  e v a l u a t e  channel and f a c e  h e a t  
t r a n s f e r  c o e f f i c i e n t s  and p r e s s u r e  drop. 
Page 6 
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Subrout ine  GASP 
Subrout ine  GASP was used t o  o b t a i n  t h e  thermodynamic and t r a n s p o r t  
p r o p e r t i e s  of t h e  combustion g a s  a s  a f u n c t i o n  of  temperature  and pressure ,  Proper- 
t i e s  t h u s  o b t a i n e d  were s o n i c  v e l o c i t y  ( f t / s e c ) ,  v i s c o s i t y  (1bl in . - sec) ,  d e n s i t y  
( l b m / f t  ), s p e c i f i c  h e a t  (Btu/lbm-OR), and t h e  THERMOCAL DB f a c t o r .  Tabular  e n t r i e s  
were provided by t h e  common block /PGAS/ a t  seven temperatures  a t  each of s i x  
p r e s s u r e s  f o r  a mixture  r a t i o  of 5.0. P r e s s u r e  and temperature  ranges covered were 
as f o l l o w s :  
3 
100 < P < 2500 p s i a  
500 e T .< 60000R 
- -  
- -  
P r o p e r t i e s  loaded i n t o  t h e  /PGAS/ block were o b t a i n e d  from t h e  A e r o j e t  THERMQlCAL 
program e (1 1 
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APPENDIX B 
COMPUTER LISTING AND SAMPLE OUTPUT 
FOR TURBOPUMP FLOW REQUIREMENTS 
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I. INTRODUCTION 
T h i s  i s  t h e  computer program w r i t t e n  t o  e s t i m a t e  h e a t  t r a n s f e r  and p r e s s u r e  
drop w i t h i n  t h e  Phase I1 i n j e c t o r .  The computer program c o n s i d e r s  t h e  p a r a l l e l -  
channel i n t e r p r o p e l l a n t  h e a t  t r a n s f e r  a s  wel l  as t h e  f l o w  and p r e s s u r e  drop 
through t h e  i n j e c t o r  core .  
exchanger f lowing  gaseous f u e l  (H2) a t  550°R and l i q u i d  o x i d i z e r  (02)  a t  200°R a t  
t h e  i n l e t  t o  t h e  i n j e c t o r .  I n t e r p r o p e l l a n t  h e a t  t r a n s f e r  and p r o p e l l a n t  p r e s s u r e  
drop  a r e  c a l c u l a t e d  by d i v i d i n g  each channel  i n t o  a nu ibe r  of small segments and 
performing energy and momentum b a l a n c e s  a t  each segment. 
The program t r e a t s  t h e  i n j e c t o r  as  a p a r a l l e l - f l o w  h e a t  
The program o r i g i n a t e d  dur ing  t h e  Phase I work b u t  w a s  e n t i r e l y  r e w r i t t e n  
i n c o r p o r a t i n g  a n a l y t i c a l  changes a s  we l l  as p r o p e l l a n t  p rope r ty  sub rou t ines  and 
o t h e r  m o d i f i c a t i o n s  t o  f a c i l i t a t e  t h e  des ign  and a n a l y s i s  of t h e  Phase I1 and 
Phase 111 i n j e c t o r s ,  
11. INJECTOR CONFIGURATION 
F igure  1 i s  a schematic drawing of t h e  o x i d i z e r  meter ing  and s e p a r a t o r  
p l a t e l e t s  f o r  t h e  f i n e - p a t t e r n  i n j e c t o r .  Superimposed on t h e  o x i d i z e r  s e p a r a t o r  
p l a t e l e t  i s  t h e  f u e l  me te r ing  mani fo ld  which shows t h e  r e l a t i o n s h i p  of t h e  o x i d i z e r  
t o  t h e  f u e l  passages  i n  t h e  f u e l  mani fo ld  s e c t i o n ,  A c ros s - f low h e a t  exchange 
s i t u a t i o n  e x i s t s  h e r e  b u t  w a s  n o t  cons ide red  i n  t h i s  a n a l y s i s .  The e f f e c t i v e  h e a t  
exchanger s e c t i o n  was assumed t o  s t a r t  a t  t h e  e n t r a n c e  t o  t h e  f u e l  me te r ing  grooves 
from which p o i n t  t h e  f u e l  and o x i d i z e r  a r e  i n  a p a r a l l e l  f l o w  s i t u a t i o n  (Sec t ion  1 
on F igure  1). An expres s ion  i s  inc luded  i n  t h e  program t o  account f o r  t h e  p r e s s u r e  
drop  f o r  t h e  excess  l e n g t h  of t h e  oxygen channel (over  t h e  f u e l  mani fo ld) ,  
The i n j e c t o r  i s  des igned  such t h a t  o x i d i z e r  passages  a r e  of c o n s t a n t  width 
bu t  v a r i a b l e  depth  ( e f f e c t e d  by s e l e c t i v e l y  depth  e t c h i n g  t h e  o x i d i z e r  s e p a r a t o r  
p l a t e l e t ) ,  and f u e l  passages  a r e  v a r i a b l e  width (by s e c t i o n )  and c o n s t a n t  depth,  
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Report 21052-3F9 Appendix C 
111, COMPUTER PROGRAM 
Three v e r s i o n s  of t h e  p a r a l l e l  f l o w  h e a t  t r a n s f e r  program e s t a b l i s h  t h e  
des ign ,  d a t a  r educ t ion  and q u a l i t y  p r e d i c t i o n  modes of ope ra t ion ,  The source  
v e r s i o n s  a re  w r i t t e n  i n  FORTRAN I V ,  
t o  minimize program convers ion  run  t i m e .  Bas ic  equa t ions  and compute sequence 
are t h e  same i n  a l l  v e r s i o n s ;  on ly  t h e  i n p u t ,  ou tpu t ,  r e f e r e n c e  t a b l e s ,  and geometry 
sub rou t ines  w e r e  added/omitted/changed as requ i r ed ,  Basic equa t ions  and l o g i c  
diagram a r e  d i scussed  subsequent ly .  Options ex is t  as t o  l e n g t h  and type of ou tpu t  
d e s i r e d  wi th  each of t h e  t h r e e  v e r s i o n s  used. 
a l l  t h r e e  programs except  where noted. 
Sepa ra t e  v e r s i o n s  were e s t a b l i s h e d  i n  o r d e r  
The fo l lowing  informat ion  a p p l i e s  t o  
IV, MAIN LOGIC 
Inpu t  t o  t h e  program i s  via paper  t ape  and keyboard from t h e  TWX te rmina l .  
The f i r s t  p a r t  of t h e  program c o n t a i n s  t h e  l o g i c  f o r  accep t ing  t h e  da t a ,  p r i n t i n g  
t h e  i n p u t  c o n d i t i o n s ,  and p r o p e l l a n t  p r o p e r t i e s  and i n j e c t o r  c o n f i g u r a t i o n  c a l l e d  
f o r ,  
o r  r e c a l l e d  from a subrou t ine  f l a g g e d  by a t e s t  number (d i scussed  l a t e r ) .  
x u l a t i o n s  a re  then  performed f o r  i n l e t  c o n d i t i o n s  and o t h e r  items, such as weight 
f low pe r  channel ,  which remain c o n s t a n t  over  an e n t i r e  section., C a l c u l a t i o n s  a r e  
then  made a t  each of a p rev ious ly  s p e c i f i e d  number of s t a t i o n s  o r  nodes wi th in  
each sec t ion .  A looping  procedure i s  used  t o  go from one node t o  t h e  nex t  and 
ano the r  loop  i s  used t o  proceed from one s e c t i o n  t o  t h e  nex t  u n t i l  t h e  l a s t  s e c t i o n  
has  been completed, 
Depending on t h e  program v e r s i o n ,  t h e  a p p l i c a b l e  geometry i s  e i t h e r  i n p u t  
C a l -  
No i n t e r n a l  i t e r a t i o n s  are r e q u i r e d  t o  o b t a i n  a so lu t ion ,  The p r i n c i p a l  
i n p u t  t o  t h e  program i s  f u e l  and o x i d i z e r  mani fo ld  p re s su res ,  t empera tures ,  and 
weight f lows  wi th  ou tpu t  be ing  f i n a l  f u e l  and o x i d i z e r  p re s su res  (corresponding 
t o  chamber p r e s s u r e ) ,  t empera tures  and v e l o c i t i e s ,  
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I V ,  Main Logic (cont.  
L i m i t a t i o n s  on program o p e r a t i o n  inc lude :  
P 
(1) 
(2 )  
Oxid izer  channels  cannot  be  s h o r t e r  than  f u e l  channels  except  i n  
t h e  d e s i g n  vers ion .  
P r o p e r t i e s  of  347 s t a i n l e s s  steel  are assumed f o r  t h e  p l a t e l e t  
material  except  an o p t i o n  i n  t h e  des ign  v e r s i o n  provides  f o r  a 
n i c k e l  i n j e c t o r ,  
( 3 )  P h y s i c a l  and thermodynamic p r o p e r t i e s :  
Pro p e l  1 ant Temperature ( O R )  
Oxygen 44 - 2939 180 - 450 Y e s  - 10 t a b l e s  
Ni t rogen  50 - 577 139.6 - 500 No except  on d e n s i t y  - 
3 t a b l e s  
Hydrogen 50 - 1700 200 - 570 No except  on d e n s i t y  - 
4 t a b l e s  
( 4 )  Subsonic f l o w  i n  o x i d i z e r  and f u e l  passages.  
Subrout ines  used  w i t h i n  t h e  program w i l l  be d i s c u s s e d  fo l lowing:  
A. SUBROUTINE PROPH 
: To s t o r e  gaseous hydrogen p r o p e r t i e s .  
t 
Source Reference: " P r o p e r t i e s  of P r i n c i p a l  Cryogenics," AGC, 
October 1966. 
z The f o l l o w i n g  p r o p e r t i e s  are  s t o r e d  
a t  p r e s s u r e s  of 5 0 ,  215, 577 and 1700 p s i a .  
Temperature, TH 
Enthalpy ENTHH 
200 t o  570°R 
Btu/ lbtn 
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I V ,  A ,  Subrout ine  PR0PH ( c o n t , )  
Thermal c o n d u c t i v i t y ,  CONH 
I n p u t  
o u t p u t  Btu/in,-sec-OR 
B t u /  f t - hr- OR 
V i  sco si  t y  XMH l b / f  t-sec 
S p e c i f i c  h e a t ,  CPHH Btu/lbm-OR 
Dens i ty ,  HRH@ lbm/cu f t  
S p e c i f i c  h e a t  r a t i o ,  GAMH (- 1 
: Two parameters  are  s p e c i f i e d  i n  t h e  
argument l i s t .  They are KPRES and KCALC. 
KPRES = 1 I n d i c a t e s  t h e  50 p s i a  t a b l e  v a l u e  w i l l  be  used. 
2 I n d i c a t e s  t h e  215 p s i a  t a b l e  v a l u e  w i l l  be  used, 
3 I n d i c a t e s  t h e  577 p s i a  t a b l e  v a l u e  w i l l  be  used. 
4 I n d i c a t e s  t h e  1700 p s i a  t a b l e  v a l u e  w i l l  be used. 
KCALC = 1 S t o r e  t a b l e  v a l u e s  only ;  no i n t e r p o l a t i o n s  made (used f o r  p r i n t i n g  
r e f e r e n c e  t a b l e ) .  
en tha lpy ;  c o r r e c t  d e n s i t y  by m u l t i p l y i n g  RH0H by a c t u a l  p re s su re /  
t a b l e  r e f e r e n c e  p res su re .  
39: Determine as a f u n c t i o n  of en tha lpy ,  HHY, t h e  fo l lowing:  thermal 
c o n d u c t i v i t y ,  XKKH; v i s c o s i t y ,  XMUH; s p e c i f i c  h e a t ,  CPH; bulk  
hydrogen tempera ture ,  TBH; d e n s i t y ,  RHOH; s p e c i f i c  h e a t  r a t i o ,  GAMH. 
Apply same d e n s i t y  c o r r e c t i o n  as above. 
2 Determine en tha lpy  HHY from tempera ture  TFJ; g e t  d e n s i t y ,  RHGH from 
*NOTE: A l l  p r o p e r t i e s  are  e x p l i c i t l y  f o r  t h e  r e f e r e n c e  p r e s s u r e  and a r e  n o t  
i n t e r p o l a t e d  f o r  a c t u a l  p r e s s u r e  except  where a p r e s s u r e  c o r r e c t i o n  
f a c t o r  i s  a p p l i e d  t o  the dens i ty .  
Page 4 
Report 21052-3F9 Appendix C 
I V ,  Main Logic (cont .  
B e  SUBROUTINE PMETAL 
: To s t o r e  p l a t e l e t  m a t e r i a l  p r o p e r t i e s .  
Temperature, TM A t  160, 410, and 660°R 
Thermal c o n d u c t i v i t y  of 
347 s t a i n l e s s  s t e e l ,  C ~ N M  
Btu/ in .  - sec-OR 
Thermal c o n d u c t i v i t y  of 
n i c k e l ,  C@NMN 
Btu/ in .  - sec-OR 
: KPAT i s  t h e  only  argument r equ i r ed  t o  
o b t a i n  thermal c o n d u c t i v i t y  as a f u n c t i o n  of w a l l  t empera ture ,  TW, 
KPAT = 1 o r  2 347 s t a i n l e s s  s teel  p r o p e r t i e s  are used. 
3 Nickel p r o p e r t i e s  a r e  used. 
(Optional  i n p u t  i n  t h e  des ign  v e r s i o n  only.)  
C, SUBROUTINE HGEOM 
2 To s t o r e  p l a t e l e t  geometry informat ion  f o r  t h e  coarse-  and 
f i n e - p a t t e r n  conf igu ra t ions .  
r e q u i r e d  t o  s p e c i f y  channel  geometry wi th in  each of t h e  f i v e  p o s s i b l e  s e c t i o n s  of 
each of t h e  c o a r s e  and f i n e  p a t t e r n s ,  
KPAT i s  t h e  only  parameter  i n  t h e  argument l i s t  
KPAT = 1 Used f o r  f i n e - p a t t e r d s t e e l  i n j e c t o r ,  
2 
3 Used f o r  f i n e - p a t t e r d n i c k e l  i n j e c t o r .  
Used f o r  coa r se -pa t t e rn /  steel i n j e c t o r ,  
The geometry i s  b u i l t  i n t o  t h i s  sub rou t ine  and i s  g iven  i n  Table  I as  w e l l  a s  t h e  
en t r ance  l o s s  f a c t o r s  a p p l i e d  t o  t h e  beginning of each s e c t i o n ,  
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IV, Main Logic (cont , )  
D, SUBROUTINE SINDEX 
Purpose: To a s s o c i a t e  i n j e c t o r  p a t t e r n ,  b a f f l e  c o n f i g u r a t i o n ,  t h e  
hydrogen p r o p e r t i e s  r e f e r e n c e  p r e s s u r e ,  and p e r c e n t  t h r u s t  achieved wi th  t e s t  
number f o r  t h e  Phase I1 h o t  f i r i n g  t e s t  program, 
The main program l o g i c  i s  set  up such t h a t  t h e  l a s t  s i g n i f i -  
c a n t  d i g i t s  of  t h e  t e s t  number i s  i n p u t  a long  w i t h  t h e  t e s t  condi t ions .  Subrout ine  
SINDEX e s t a b l i s h e s  o t h e r  p e r t i n e n t  d a t a  prev ious ly  mentioned. 
s u b r o u t i n e  w a s  t o  f a c i l i t a t e  i n p u t  f o r  t h e  numerous r u n s  r e q u i r e d  t o  ana lyze  t h e  
d a t a  and debug t h e  computer program. Table  I1 g i v e s  t h e  d a t a  s t o r e d  w i t h i n  t h e  
s u b r o u t i n e  
The purpose of t h i s  
KPRE S Hydrogen p r o p e r t i e s  r e f e r e n c e  p r e s s u r e  ( s e e  Subrout ine  PR@PH), 
KPAT I n j e c t o r  p a t t e r n  (see Subrout ine  PMETAL). 
NTEST Las t  s i g n i f i c a n t  d i g i t ( s )  of h o t  f i r e  tes t  number (see Table  I I ) ,  
E ,  SUBROUTINE BINTP 
Purpose: To provide l i n e a r  i n t e r p o l a t i o n  between success ive  d a t a  
p o i n t s  
C a l l i n g  Parameters:  
U Independent v a r i a b l e .  
v1 Array of independent v a r i a b l e  da t a .  
v2 Array of  dependent v a r i a b l e  da t a .  
NV Number of s t a t i o n s  i n  each  a r r a y ,  
VINTP Dependent v a r i a b l e  re turned .  
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I V ,  E ,  Subrout ine BINTP ( c o n t , )  
Note t h a t  no e x t r a p o l a t i o n  i s  done o u t s i d e  t h e  range of  V1;  r a t h e r  a cons t an t  
va lue  i s  r e tu rned ,  which i s  t h e  f i r s t  o r  l a s t  element i n  t h e  V2 a r r a y ,  t o  which- 
ever end of t h e  t a b l e  U i s  nea re r ,  
F e  SUBROUTINE PTP 
: To provide oxygen p r o p e r t i e s  a s  a f u n c t i o n  of p re s su re ,  
t empera ture  and q u a l i t y .  









V I  s 
C@N 
TS 
2 Independent v a r i a b l e ,  p re s su re  ( l b f / i n .  ) 
Independent v a r i a b l e ,  t empera ture  (OR) 
Independent v a r i a b l e ,  q u a l i t y  (-) 
Dependent v a r i a b l e ,  en tha lpy  (Btu/lbm) 
Dependent v a r i a b l e ,  d e n s i t y  ( lbm/ f t  ) 
Dependent v a r i a b l e ,  gamma (-) 
Dependent v a r i a b l e ,  v e l o c i t y  of sound (f t /  sec)  
Dependent v a r i a b l e ,  s p e c i f i c  h e a t  (Btullbm-OR) 
Dependent v a r i a b l e ,  dynamic v i s c o s i t y  ( l b f / f t - s e c )  
Dependent v a r i a b l e ,  thermal c o n d u c t i v i t y  (Btu / in ,  - sec-OR) 
Dependent v a r i a b l e ,  s a t u r a t i o n  tempera ture  (OR)  
3 
Discussion:  
The subrou t ine  c a l l s  Subrout ine  PR@P@ which f i n d s  oxygen p r o p e r t i e s  as 
a f u n c t i o n  of  en tha lpy  and pressure .  Complete t a b l e s  are i n p u t  a t  t e n  p re s su re  
l e v e l s  (44, 73, 147, 294, 441, 588, 735, 882, 1470, 2939 p s i a )  as  a f u n c t i o n  of 
tempera ture  ranging  from 180 t o  450°R i n  t e n  increments ,  
t h e  fo l lowing  r e fe rences :  
Data w e r e  ob ta ined  from 
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I V ,  F, Subrout ine  PTP ( c o n t , )  
(1)  '*The Thermodynamic P r o p e r t i e s  of  Oxygen," Richard B. S tewar t ,  
The U n i v e r s i t y  o f  Iowa, June 1966 (Density,  Temperature and 
Enthalpy) .  
October 1966 (Thermal Conduct iv i ty  and V i s c o s i t y )  e 
"Thermodynamic and R e l a t e d  P r o p e r t i e s  of  Oxygen-- ' 1  L, A. Weber, 
NBS Report  9710, Nat iona l  Bureau of Standards,  20 June 1968 
(Rat io  of S p e c i f i c  Heats ,  S p e c i f i c  Heat a t  Constant  Pressure ,  
V e l o c i t y  o f  Sound). 
( 2 )  " P r o p e r t i e s  o f  P r i n c i p a l  Cryogenics,  Aero je t -General  Corporat ion,  
( 3 )  
Subrout ines  r e q u i r e d  w i t h  PTP a r e :  
SATPO which f i n d s  s a t u r a t i o n  temperature  a s  a f u n c t i o n  of p r e s s u r e  
SATTO which f i n d s  s a t u r a t i o n  p r e s s u r e  as a f u n c t i o n  of temperature  
DINTP a double  i n t e r p o l a t i o n  r o u t i n e  
SINTP a s i n g l e  i n t e r p o l a t i o n  r o u t i n e  
BLOCK DATA which s t o r e s  t h e  oxygen p r o p e r t i e s  
v. INPUT / OUT PUT 
Program i n p u t  and o u t p u t  i s  v i a  TWX t e r m i n a l ;  t h e  m a j o r i t y  of  parameters  
a r e  i n p u t  v i a  paper  t a p e  and t h e  r e s t  from t h e  te rmina l  keyboard a s  t h e  program 
c a l l s  f o r  them. Sample i n p u t  f o r  each  of t h e  t h r e e  v e r s i o n s  i s  given,  The f o u r  
o u t p u t  o p t i o n s  a r e  t h e  same f o r  a l l  three v e r s i o n s ,  
A,  INPUT FOR DESIGN MODE 
pc9 Tf j '  Toj3 P f j '  Poj9 kf9  Go. XNH, XNG, XN, KPRES, KOP, KPAT, 
SECT, HL, p)L, SH1, SH2, SG1, SG2, A ,  XF, YKH, YKG 
(Repeat f o r  as  many s e c t i o n s  a s  d e s i r e d - - l a s t  s e c t i o n  i s  i n p u t  
as a n e g a t i v e  s e c t i o n  number,) 
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V, A, Inpu t  f o r  Design Mode ( con t , )  
Data f i l e  name 
B e  INPUT FOR DATA REDUCTION MODE 
From Paper Tape: 
From Keyboard: 
Data f i l e  name 
Cg ( f o r  gas - s ide  h e a t  t r a n s f e r  c o r r e l a t i o n ,  u s u a l l y  0.027) 
Conductance f a c t o r s ,  UMG, UMH 
Output o p t i o n  f l a g ,  IFLAG 
+ 2  = I n j e c t o r  p r e s s u r e  drop r a t i o s  a r e  c a l c u l a t e d  
C,  INPUT FOR QUALITY PREDICTION MODE 
T e s t  number, Pels PC2’ Tfj3 T o j 9  P f j 9  Poj9  Gf9 Go 
Data f i l e  name 
Output o p t i o n  f l a g ,  IFLAG 
Ni t rogen  r e f e r e n c e  p r e s s u r e  f l a g ,  KPRES 
B a f f l e  c o n f i g u r a t i o n ,  KBAF 
I n j e c t o r  p a t t e r n ,  KPAT 
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V I  (P PHASE I COMPUTER PROGRAM LOGIC AND EQUATIONS 
There are p r i n c i p a l l y  t h r e e  s e c t i o n s  t o  t h e  computer program which a r e  
dep ic t ed  i n  t h e  fo l lowing  s i m p l i f i e d  l o g i c  diagram: 
START 
1 I npu t  parameters  and i n j e c t o r  c o n f i g u r a t i o n  I 




F l u i d  p r o p e r t i e s  are eva lua ted  a t  each nodal c a l c u l a t i o n ,  t h u s  approximating t h e  
v a r i a b l e  p rope r ty  momentum and energy express ions .  Hydrogen i s  assumed t o  e n t e r  
t h e  i n j e c t o r  as a gas.  However, s i n c e  t h e  oxygen e n t e r s  a s  a l i q u i d  (20O0R) and 
i s ,  i n  t u r n ,  vapor ized  by t h e  warm (540OR) hydrogen i n  t h e  h e a t  exchanger s e c t i o n  
of t h e  i n j e c t o r  (see F igure  11, i t  i s  necessary  t o  c a l c u l a t e  oxygen vapor q u a l i t y  
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V I ,  Phase I Computer Program Logic and Equat ions (cont . )  
and provide f o r  a s p e c i f i c  volume averaged oxygen h e a t  t r a n s f e r  c o e f f i c i e n t ,  
a t tempt  has  been made t o  account  f o r  any type  of f i l m  b o i l i n g  which might exist  
i n  t h i s  r eg ion  and r e s u l t  i n  lower h e a t  t r a n s f e r  c o e f f i c i e n t s  than  t h e  c o r r e l a -  
t i o n s  provide,  
No 
A check i s  made a t  each node f o r  son ic  flow. The program assumes t h a t  bo th  
p r o p e l l a n t s  e n t e r  t h e  i n j e c t o r  from t h e  same end i n  a p a r a l l e l  f l ow r e l a t i o n s h i p .  
The equa t ions  used by t h e  program are p resen ted  more o r  l ess  i n  t h e  o r d e r  used, 
Nomenclature i s  presented  i n  Table 111. 
SECTIONAL CALCULATIONS 
A t = 2 A w %  
D = 2 w d/(w 4- d)  ( 2) 
A x = w d  (3) 
f o r  R, 4 i n  f i r s t  s e c t i o n  
f o r  A’, 4 4 i n  f i r s t  s e c t i o n  = ,(In 
NOTE: Equat ion (4b) i s  programmed f o r  t h e  Design Program only.  I n  t h e  o t h e r  two 
programs, i t  i s  assumed t h a t  t h e  oxygen channel  i s  longe r  than  t h e  hydrogen 
channel  i n  t h e  f i r s t  s e c t i o n ,  I n  a l l  o t h e r  s e c t i o n s ,  b o t h  channe l s  are of 
equal  l eng ths  
i j  = 6 / n  n 
Page I f  
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V I ,  Phase I Computer Program Logic and Equat ions  (cont . )  
2 c = 144K/(2g Ax) (7) 
NOTE: K i s  i n p u t  i n  t h e  Design Program only.  
s t o r e d  i n  Subrou t ine  HGEOM as c d i r e c t l y o  
I n  t h e  o t h e r  t w o  v e r s i o n s ,  i t  i s  
(8) 
.2  
n pk = c w  a p p l i e d  a t  e n t r a n c e  t o  each s e c t i o n  
12 % D n 
X 
A Re = 




f = 0.003 + 0.0221 R e  
= 0.02 
NODAL CALCULATIONS 
Th Oe4 k 0.8 p,004 
hh = Cg 5 R e  (F) 
W 
Rw = t / k  
V = 144 Gn/ 
Page 1 2  
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V I ,  Phase I Computer Program Logic and Equat ions ( con t , )  
'd 
APn 'APf 4- (20) 
h = Cg R e o e 8  P r  ) f o r  Q = l . O  and Q = O  (21) 
0.46 O e 3  0.4 
0 
1 
- + R  + -  
0 hh h 
1 u = 1  
G n b H  = u U AtnAToh 
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TABLE I 
PHASE I1 INJECTOR DESIGN DATA 
GEOMETRY DATA 
Oxygen C i r c u i t  Fuel C i r c u i t  Sepa ra to r  
Length Width Depth Length Width Depth Thickness  
( i n . )  ( i n . )  ( i n . )  ( i n . )  ( i n . )  ( i n . )  ( i n .  ) - -  
(347 S t a i n l e s s  S t e e l )  
1, Heat Exchanger 3 ,54  0.05 0,0013 2.39 0.05 0.007 0.008 
1.0 0,05 0.005 1.0 0.045 0.007 0.012 
0,35 0.05 0,0013 0.35 0.05 0.007 0.008 
0.5 0.05 0.005 0.5 0.045 0.007 0.012 
5. Second I n j e c t o r  0.35 0.05 0.0013 0.35 0.05 0.007 0.008 
Number of Channels 2346 2397 
Coarse-Pa t te rn  I n j e c t o r  (347 S t a i n l e s s  S t e e l )  
0.015 1. Heat Exchanger 5.75 0,085 0,026 4.65 0.085 0.016 
1 ,3  0.035 0.016 1.3 0.035 0.016 0.020 
0.015 0.25 0.085 0,026 0.25 0.085 0,016 
0.5 0.035 0.016 0.5 0.035 0.016 0.020 
5. Second I n j e c t o r  0.25 0.085 0.026 0.25 0.085 0.016 0.015 
Number of Channels 759 792 
ENTRANCE AND E X I T  LOSSES (Applied a t  en t r ance  t o  each s e c t i o n )  
k n n 
. 2  
P = c w  where & i s  based on f low/channel  
7 0 . 2 3 ~ 1 0  8
7 
0 . 3 5 ~ 1 0  8 1. Heat Exchanger 0 . 4 2 ~ 1 0  
2, F i r s t  0 0 . 4 3 ~ 1 0 ~  0 . 4 3 ~ 1 0  
3, F i r s t  I n j e c t o r  0*20XlO 8 0. 43x107 
7 
9 Oe 19x10 
0 
7 Oe 38x10 0€!11x10 7 
4. Second 0 Oe 43x10 0, O6x1O7 0 
5, Second I n j e c t o r  0. 20X1O8 Oe43x107 0.11x10 7 0 . 3 8 ~ 1 0  7 
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TABLE I1 






































I n t e r m e t a t i o n  
F ine  P a t t e r n ,  No B a f f l e ,  215 psis:? 
Fine  P a t t e r n ,  No B a f f l e ,  577 p s i a  
Coarse P a t t e r n ,  No Baf f l e ,  215 p s i a  
Coarse P a t t e r n ,  No B a f f l e ,  577 p s i a  
Coarse P a t t e r n ,  No Baf f l e ,  577 p s i a  
Coarse P a t t e r n ,  No B a f f l e ,  1700 p s i a  
F ine  P a t t e r n ,  Baf f led ,  577 p s i a  
F ine  P a t t e r n ,  Baf f led ,  1700 p s i a  
F ine  P a t t e r n ,  Ba f f l ed ,  577 p s i a  
F ine  P a t t e r n ,  Baf f led ,  215 p s i a  
F ine  P a t t e r n ,  Baf f led ,  50 p s i a  
F ine  P a t t e r n ,  Ba f f l ed ,  1700 p s i a  
Coarse P a t t e r n ,  Baf f led ,  577 p s i a  
Coarse Pa t t e rn ,  Baf f led ,  215 p s i a  
Coarse P a t t e r n ,  Baf f led ,  50 p s i a  
Coarse P a t t e r n ,  Baf f led ,  1700 p s i a  
F ine  P a t t e r n ,  Baf f led ,  215 p s i a  
F ine  P a t t e r n ,  Baf f led ,  50 p s i a  
F ine  P a t t e r n ,  Baf f led ,  577 p s i a  
F ine  P a t t e r n ,  Baf f led ,  577 p s i a  
F ine  P a t t e r n ,  Baf f led ,  1700 p s i a  
F ine  P a t t e r n ,  Baf f led ,  1700 p s i a  
JrHydrogen r e f e r e n c e  p res su re  
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TABLE I11 
NOMENCLATURE 



























HG, HH, HOG, HOF, 
HGG, HGF 
HOX, HHY, HGG, HGF, 
ENTHG, ENTHH 





DELPG, DELPH, DPGXK 
QUALG 
REYG, REYH 
TBGS TBH, TW, TSAT 
UMG, UMH 
U 
VG, VGT, VH, VHT 
SG1, SH1 
WQI, WF, WGI,  WHI 
Area ( i n e 2 )  
Entrance l o s s  f a c t o r ,  Eq (3) 
( 1 b f / i n .  2- 1 bm/ f t 3- sec 2/ 1 bm ) 
Channel depth ( i n . )  
Hydraulic diameter  ( in .  ) 
F r i c t i o n  f a c t o r  (-) 
G r a v i t a t i o n a l  c o n s t a n t  ( lbm-f t l lb f -sec  ) 




Thermal c o n d u c t i v i t y  (Btu/in.  - sec-OR) 
Entrance l o s s  f a c t o r ,  Design Mode o n l y  (-) 
Channel l e n g t h ,  each s e c t i o n  ( in . )  
Number of nodes i n  each s e c t i o n  ( in . )  
2 Local p r e s s u r e  ( l b f l i n .  ) 
P r e s s u r e  drop ( l b f / i n .  ) 
P r a n d t l  number (-) 
Q u a l i t y ;  vapor m a s s / t o t a l  m a s s  (-=) 
Reynolds number (-) 
Temperature (OR)  
Conductance m u l t i p l i e r  (-) 
Overall conductance (Btu/in,-sec-oR) 
V e l o c i t y  (f t /  sec) 
Channel width ( in . )  
T o t a l  weight f low of each p r o p e l l a n t  
(Pbm/sec) 
2 
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TABLE I11 ( c o n t , )  
2. Greek Letters 
__. Text Program Symbol (s )  
pc XMUG, XMUGW9 XMUH, 
XMUGG, XMUGF 
R H ~ G ~  R H ~ G W ,  RH@H, 
G R H ~ G ,  GRH@F 
/c 














Dynamic v i s c o s i t y  ( lbmlf t -  set) 
3 Density ( lbm/ f t  ) 
Veloc i ty  head 
Ent r anc e 
F r i c t i o n  l o s s  
Hydrogen 
I n i  ti a1 
Head l o s s  
S a t u r a t e d  l i q u i d  
No de 
Oxygen 
Heat t r a n s f e r  
S a t u r a t e d  vapor 
Wall 
Cross Sec t ion  
4. I n t e r n a l  Program Symbols 
A Area enhancement f a c t o r  f o r  h e a t  t r a n s f e r ,  Eq (1) (-) 
IFLAG Output o p t i o n  f l a g  
1 = Long form 
0 = Shor t  form 
-1 = F i n a l  v e l o c i t y  r a t i o s  
- 2  = Pressure  drop and r a t i o s  
= Qual i ty  p r e d i c t i o n s  and Reynolds number i n  t h e  
f i r s t  AP s e c t i o n  
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TABLE 111 (cont . )  
4, I n t e r n a l  Program Symbols ( con t , )  
KBAF I n j e c t o r  b a f f l e  c o n f i g u r a t i o n  
0 = Unbaff led i n j e c t o r  
-1 = B a f f l e d  i n j e c t o r  
Oxygen p r o p e r t i e s  t a b l e  p r i n t  f l a g  K@ P 
KPAT I n j e c t o r  p a t t e r n  f l a g  
1 = Fine  p a t t e r n ,  347 S S  
2 = Coarse p a t t e r n ,  347 S S  
3 = Inpu t  p a t t e r n ,  n i c k e l  
KPRE S P r o p e l l a n t  p r o p e r t i e s  t a b l e  r e f e r e n c e  f l a g  
1 = 50 p s i a  
2 = 215 p s i a  
3 = 577 p s i a  
4 = 1700 p s i a  
SECT I n j e c t o r  s e c t i o n  number ( s e e  F igu re  1). Preface  the  
WG, WH Weight f low per  channel  ( l b / s e c )  
XLH, XLN Nodal l eng th ,  Eq (4a)  and (4b) ( i n . )  
l a s t  s e c t i o n  wi th  a minus s i g n  
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